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ABSTRACT 
Northern com rootworms, Diabrotica barberi Smith and Lawrence, and western com 
rootworms, D. virgifera virgifera LeConte, are perennial insect pests of com, Zea mays L., 
grown in the same field for successive years. The primary control tactics used against com 
rootworms in Iowa are soil insecticides and crop rotation. However, in some regions of the 
Com Belt, over-reliance on both tactics has resulted in control failures, indicating that 
alternative strategies need to be incorporated for sustainable management of these pests. The 
first objective was to determine if row spacing and plant population of com influenced com 
rootworm survival, larval injury, and plant tolerance to the injury. Although beetle survival 
was greater in 38-cm compared to 76-cm rows, the increase did not translate into greater root 
injury. There were no differences in tolerance to com rootworm injury between row 
spacings. However, tolerance was suppressed at the high plant population. Growers who 
reduce row spacing from 76 cm to 38 cm to maximize grain yield should not increase the 
potential for com rootworm injury. The second objective was to develop and validate 
models that accurately predicted adult com rootworm emergence in Iowa. The models 
predicted adult emergence from the first day a beetle emerged in a field (biofix). Degree-
days post-biofix explained 85% of the variability in total com rootworm emergence over five 
years, and the model explained 89% of the variability in emergence observed in the 
validation year. The Pherocon® CRW Trap (Trecé, Inc. Salinas, CA 93907) was highly 
efficient at determining the biofix. The third objective was to use female ovarian 
development to determine if scouting could be made more efficient. Based on emergence, 
population estimates taken on plants, and ovarian development, the period between 120 and 
vi 
400 degree-days post-biofix was the optimum time for scouting com rootworm adults in 
Iowa. This represents approximately one third of the total time beetles could be present in 
the field. Scouting should be more efficient because grower could focus on a key period, 
rather than over the entire growing season. 
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized with a general introduction including the dissertation 
objectives and literature review, three papers for publication in scientific journals, a general 
conclusion, and references cited. The literature review contains the background information 
on the biology of corn rootworms, factors affecting emergence of the adults, management of 
the pest, and a historical perspective on row spacing of field corn and how it might influence 
corn rootworms. Following the literature review are the three papers for publication. The 
first paper examines the effect of row spacing and plant population on com rootworm 
survival and damage potential to com. The second paper describes prediction models for 
adult corn rootworm emergence that were developed to improve the scouting efficiency in 
adult corn rootworm management. The third paper uses beetle emergence, population 
estimates taken on plants, and the rate of female ovarian development to determine the 
optimum time for scouting for adult com rootworms. All papers were prepared according to 
the publication policies and guidelines for manuscript preparation established by the 
Entomological Society of America (ESA 1992). The references cited section at the end of 
the dissertation includes only those citations in the general introduction. 
Introduction 
Northern com rootworms, Diabrotica barberi Smith and Lawrence, and western com 
rootworms, D. virgifera virgifera LeConte, are perennial insect pests of com, Zea mays L„ 
across the Com Belt. Researchers estimate that com rootworms cost U.S. com growers one 
2 
billion dollars annually in chemical control costs and crop losses (Metcaif 1986). In Iowa, 
economic losses from these pests are most severe when com is grown in the same field for 
successive years. Between 50 and 60% of the total U.S. com acreage has some chemical 
control applied for com rootworms (Metcaif 1986). A more recent survey conducted by 
Hartzler et al. (1997) reported that 22% of the 12 million acres of com produced in Iowa 
were treated with a soil insecticide at planting for com rootworms. 
The primary control tactics used against com rootworms in Iowa are prophylactic 
treatment with a soil insecticide applied at planting and crop rotation with a non-host crop. 
However, in some regions of the Corn Belt, over-reliance on both tactics has resulted in 
control failures. During the early 1960s, com rootworm larvae developed resistance to the 
cyclodiene soil insecticides after less than 20 years of use (Meinke et al. 1998). 
Crop rotation with a non-host crop has traditionally been a very effective 
management tool for com rootworms. However, in some regions of the Com Belt, cases of 
crop rotation failing to adequately control com rootworms have been reported. In regions of 
the northern Com Belt, extended diapause allows northern com rootworm populations to 
circumvent crop rotation as a management tactic (Krysan et al. 1986). More recently, in east-
central Illinois and northwestern Indiana, western com rootworm damage to first-year com 
has become a severe problem for growers (O'Neal et al. 1999). Researchers have suggested 
that long-term use of a corn-soybean crop rotation in this region has selected for a new 
behavioral strain of western com rootworms that oviposit in soybean (O'Neal et al. 1999). 
The following season, eggs hatch, and larvae damage first-year com, successfully 
overcoming crop rotation as a management option. 
These examples show that reliance on a single tactic for control of com rootworms is 
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not an effective long-term management strategy. Alternative control tactics need to be 
incorporated so a true integrated pest management approach can be implemented against com 
rootworms. Studies have determined that less than 50% of continuous cornfields contain 
economically damaging populations of com rootworms (Turpin et al. 1972, Gray et al. 1993). 
However, soil insecticides are applied to over 90% of continuous cornfields with little or no 
knowledge of the population levels in the field (Turpin 1977). To reduce unnecessary soil 
insecticide applications, adult sampling techniques and economic thresholds have been 
developed to predict potential larval damage the following season (Steffey et al. 1982, Hein 
and Tollefson 1984, Hein and Tollefson 1985). These techniques can also be used to trigger 
insecticide applications targeted to prevent oviposition in single fields, or multiple fields on 
an areawide basis (Meinke 1995, Tollefson 1998). Although adult sampling techniques 
should reduce the number of fields that are treated with soil insecticide, adoption has been 
limited in Iowa. One factor that could be limiting adoption of this approach is the additional 
cost of scouting. Restricting sampling to the most critical time could reduce these costs, and 
promote a more integrated approach to management of these pests. 
Objectives 
The specific objectives of this dissertation were: 
1) To determine if row spacing and plant population influence com rootworm survival, 
larval injury, and plant tolerance to the injury. 
2) To develop and validate models that accurately predict adult com rootworm 
emergence in Iowa. 
3) To determine the optimum window for scouting adult com rootworms. 
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Literature Review 
The Biology of Corn Rootworms 
Description. Northern and western corn rootworm adults are both similar in size, 
approximately 6.35 mm in length. Northern com rootworm adults are solid in color, ranging 
from light tan to pale green. Western com rootworm adults are yellow with black stripes on 
each elytra. Males often have thicker markings on the elytra compared to females, but this 
characteristic is not always reliable for determining sex. The larvae of both species are white 
with a darkened head capsule and last abdominal segment that gives them the appearance of 
having two heads. First instars are small, approximately 3 mm long, and grow to about 12 
mm in length as third instars. The eggs of both species are 0.10 mm long, white in color, and 
football-shaped. Eggs can be identified to species by observing differences in the sculpturing 
of the egg chorion (Atyeo et al. 1964). 
Distribution and Abundance. Both the northern and western com rootworms are 
native to the Americas (Chiang 1973). The northem com rootworm was first recorded in 
Colorado in 1824 by Thomas Say, and by the 1950s, infested com across most of the 
northern Com Belt (Chiang 1973). John LeCorete first recorded the western com rootworm 
in Kansas in 1868 (Chiang 1973). Until the 1950s, the distribution of western com 
rootworms was limited to the western corn-producing states of Colorado, Nebraska, Kansas, 
and South Dakota (Chiang 1973). However, during the mid-1950s, western com rootworm 
populations in Nebraska developed resistance to the cyclodiene insecticides (Meinke et al. 
1998), and eastward progression of the resistant individuals increased from 19 km to 80 km 
per year (Kryson 1986). Today, western com rootworms are found in all corn-growing states 
from Colorado to the East Coast (Kryson 1986)- Although both species commonly occur in 
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the same cornfield, studies have shown that western com rootworm larvae are stronger 
competitors compared to northem com rootworms, and that over time westerns can displace 
northerns as the predominant species in fields (Hill and Mayo 1980, Piedrahita et al. 1985, 
Woodson 1994). 
Life History and Damage to Corn. Both species are univoltine and overwinter as 
eggs, typically in the soil of the cornfield. Most eggs are deposited in the top 20 cm of soil 
(Foster et al. 1979, Hein et al. 1985). However, under drought conditions, cracks in the soil 
allow eggs to be deposited as deep as 35 cm (Weiss et al. 1983, Hein et al. 1985). Egg-hatch 
usually begins in late May or early June. The minimum developmental threshold for 
northern com rootworm eggs is 11.7°C, and first hatch occurs after the eggs accumulate 204 
Centigrade degree-days (Chiang 1973). The minimum developmental threshold for western 
com rootworm eggs is 12.7°C, and first hatch occurs after the eggs accumulate 209 
Centigrade degree-days (Levine et al. 1992). 
Larvae are the most damaging stage, and complete three stages feeding on the roots 
of com. First instars locate the roots of a suitable host by sensing CO? gradients in the soil 
given off by roots during respiration (Stmad and Bergman 1987, Gustin and Schumacher 
1989, MacDonald and Ellis 1990, Bemklau and Bjostad 1998). Although first instars can 
travel up to 40 cm horizontally in soil under optimal conditions (MacDonald and Ellis 1990), 
significant mortality occurs within 12 hours after hatching if a suitable host is not located 
(Stmad and Bergman 1987). MacDonald and Ellis (1990) also determined that when soil 
was extremely wet (36% moisture) or dry (<18% moisture), western com rootworm larval 
movement was restricted, increasing mortality and reducing larval establishment on the roots. 
6 
Larval survival is greatest on corn, however, western com rootworms were able to 
complete development and produce viable eggs when reared on green foxtail, Setaria virdis 
(L.) Beauv., yellow foxtail, S. glauca (L.) Beauv., wheat, Triticum aestivum L., barley, 
Hordeum vulgare L., and intermediate wheatgrass, Agropyron intermedium (Host) Beauv 
(Branson and Ortman 1967a, Branson and Ortman 1967b). When temperatures are optimum, 
larvae can complete development in approximately 3 weeks. At a temperature of 21°C, 
western com rootworm first, second, and third instars completed development in 6, 5, and 12 
days, respectively (Jackson and Elliott 1988). Northern com rootworm larval development at 
21°C was somewhat longer, with first, second, and third instars completing development 
after 7, 7, and 19 days, respectively (Woodson and Jackson 1996). Pupation occurs in the 
soil and takes approximately 10 to 12 days to complete (Jackson and Elliot 1988, Woodson 
and Jackson 1996). 
Larval injury to the roots reduces grain yield by limiting the transport of water and 
nutrients to the developing plant, and by increasing the plant's susceptibility to lodging 
(Levine and Oloumi-Sadeghi 1991). Injury most often occurs on the third through the sixth 
nodes of adventitious roots because development of these roots usually coincides with larval 
development (Reidell 1993). First instars feed on the fine hairs of the root (Chiang 1973). 
Second and third instars create feeding scars by tunneling within the cortex (Reidell and Kim 
1990). Second and third instars also prefer to feed on the newest, most succulent roots, often 
migrating to, and tunneling into the root apexes as they penetrate into the soil. Since the 
meristematic region of the root is located at the apex, Reidell and Kim (1990) hypothesized 
that larval feeding in the apex stopped root elongation and gave the root the appearance of 
being pruned. 
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The specific physiological functions in the plant disrupted by larval feeding are not 
completely understood. Grain yield reductions of up to 50% have been recorded (Spike and 
Tollefson 1989), although the amount of yield loss from root injury is often difficult to 
predict. This is because many factors, such as the number of larvae present, size of the root 
system, secondary root growth, soil moisture and nutrient availability, plant population, and 
the degree of lodging all influence the amount of damage from larval injury (Levine and 
Oloumi-Sadeghi 1991). 
Adult emergence typically begins in late June or early July and can take 50 to 70 days 
to complete (Ruppel et al. 1978). Western com rootworms begin emerging a few days before 
northern com rootworms, and males of both species begin emerging a few days before 
females (Ruppel et al. 1978, Branson 1987). Mating occurs in the cornfield very soon after 
the beetles emerge (Ball 1957). Males mate an average of 8.2 times during their lifetime, 
while females generally only mate once (Branson et al. 1977). Females undergo a 
preovipositional period of 12 to 14 days (Short and Hill 1972, Branson and Johnson 1973, 
Hill 1975), during which they must feed on a high quality diet of com silks and pollen to 
initiate egg development (Elliott et al. 1990). Mean fecundity for western com rootworm 
females maintained in the laboratory averaged just over 1000 eggs per female, laid in 13.5 
clutches, over a reproductive period of 60 to 76 days (Branson and Johnson 1973, Hill 1975). 
Boetel and Fuller (1997) determined the fecundity rate for northern com rootworm females 
maintained in the laboratory were much lower, averaging 206 eggs per female, although a 
maximum fecundity rate of 1,036 eggs per female was recorded. In field studies conducted 
in eastern Nebraska, Short and Hill (1972) reported that oviposition was 29% complete by 20 
August, and 75% complete by September. Oviposition rates recorded by Hein and Tollefson 
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(1985) in Iowa cornfields were quicker, with 10%, 50%, and 90% of the eggs laid by 1 
August, 19 August, and 6 September, respectively. 
The longevity of beetles collected from the field at emergence, and maintained in the 
laboratory, has been quite variable, ranging from 49 to 102 days (Ball 1957, Branson and 
Johnson 1973, Hill 1975, Boetel and Fuller 1997). Elliott et al. (1990) concluded that food 
quality greatly influenced longevity, with significant reductions in beetle survival occurring 
as the corn plant aged. Boetel and Fuller (1997) also determined that beetles emerging early 
in the season lived significantly longer and had significantly greater fecundity rates than their 
latter-emerging counterparts. 
Adult Dispersal. Both northern and westem corn rootworm are active as adults and 
capable of interfield dispersal (VanWoerkom et al. 1983, Godfrey and Turpin, 1983). 
Western com rootworm dispersal is related to the quality of food present in the field (Ball 
1957). Western com rootworm adults have been observed leaving mature cornfields in large 
numbers and moving to less mature fields that were silking and pollinating (Hill and Mayo 
1974). Northern com rootworm adults are more active than westem com rootworms, leaving 
com fields frequently to feed on pollen of other crops and weeds, then returning to cornfields 
to oviposit (Cinerski and Chiang 1968). Western com rootworms were more active in the 
early morning and evening hours compared to mid-day (Kaufmann 1966, Witkowski et al. 
1975). Captures on sticky traps positioned at various heights showed that most beetles move 
within 3 m of the ground (Witkowski et al. 1975). Both species also preferred to move 
laterally, rather than vertically out of cornfields (Kaufmann 1966, Naranjo 1991). The 
majority of female beetles that engaged in dispersal were preovipositional, indicating 
dispersal can occur soon after the beetles emerge (Coats et al. 1986). Evidence from flight-
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mill studies also suggests that western corn rootworm preovipositional females have the 
ability to engage in long-range migratory flights (Coats et al. 1986). 
Corn Rootworm Management 
Crop Rotation. Historically, rotating com production in a field with a non-host crop 
every second year has been a highly efficient tactic for preventing com rootworm larval 
injury (Levine and Oloumi-Sadeghi 1991). However, as early as 1932, cases of a two-year 
crop rotation failing to control northern com rootworms had been reported (Bigger 1932). 
The phenomenon has become more widespread across the Com Belt in recent years, and it 
was concluded to be a result of extended diapause (Chiang 1965). With extended diapause, a 
small proportion of the northern com rootworm population has the ability to remain dormant 
as eggs in the soil for two or more seasons before hatching (Kryson et al. 1984). Researchers 
have concluded that long-term use of a corn-soybean crop rotation places selection pressure 
on individuals exhibiting extended diapause, eventually allowing the population to 
circumvent crop rotation as a management tactic (Krysan et al. 1986). Although most 
northern com rootworm populations in Iowa probably contain individuals exhibiting 
extended diapause, economic losses are rare (Rice and Tollefson 1999). 
Before the early 1990s, all cases of com rootworm damage to first-year com (rotated 
com) were reported to have been caused by northern com rootworms exhibiting extended 
diapause (O'Neal et al. 1999). Since the early 1990s, however, damage to first-year com in 
east-central Illinois and northwest Indiana from westem com rootworms has become severe 
(Levine and Oloumi-Sadeghi 1996). Initially, researchers suspected that pyrethroid 
insecticides being used for corn earworm, Helicoverpa zea (Boddie), control in seed com 
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production fields were repelling western corn rootworms from com and driving them into 
soybean, Glycine max L, for oviposition (Levine and Oloumi-Sadeghi 1996). But further 
studies revealed that a behavioral change in the beetles seems to have occurred. Choice-tests 
found that western com rootworms collected from the problem-area in Indiana preferred 
soybean to pollinating com (Sammons et al. 1997). No-choice feeding assays also showed 
these western corn rootworms fed significantly more on soybean foliage compared to beetles 
from Iowa and Nebraska (Sammons et al. 1997). Field studies in Illinois using elaborate 
arrays of malaise traps bordering cornfields, and intensive sampling in soybean, found that 
western com rootworms leave cornfields soon after emergence and appear in large numbers 
in adjacent soybean fields (O'Neal et al. 1999, Isard et al. 2000). These studies have led 
researchers to suggest that long-term use of a corn-soybean crop rotation in this region has 
selected for a new behavioral strain of western com rootworms (Sammons et al. 1997, 
O'Neal et al. 1999, Isard et al. 2000). Westem com rootworms emerge from cornfields, 
disperse to soybean for oviposition, and the following season eggs hatch and larvae damage 
first-year com, successfully overcoming crop rotation as a management option. 
Currently, economic thresholds and sampling techniques for westem com rootworm 
beetles in soybean are being developed to predict the potential for larval damage in first-year 
com the following season (O'Neal et al. 1999). The first documented case of western com 
rootworms emerging from a soybean field in Iowa occurred in 1999, near Decorah (Rice and 
Tollefson 1999). This seemed to be an isolated instance in Iowa, and damage was not severe 
(Rice and Tollefson 1999). 
Host Plant Resistance. Tolerance is the only mechanism of host plant resistance that 
has been identified in commercial com hybrids (Rogers et al. 1975, Riedell and Evenson 
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1993, Gray and Steffey 1998). Tolerance to larval injury is conferred by large root systems 
and by plants that have the ability to regenerate roots after the period of larval injury (Chiang 
1973). A tolerant plant sustains as much feeding damage as a susceptible plant but is able to 
develop and produce high grain yield regardless of the injury (Riedell and Evenson 1993). 
No commercial hybrid has been identified with complete tolerance (Rogers et al. 1975, 
Riedell and Evenson 1993, Gray and Steffey 1998). However, studies show the level of 
tolerance has progressively increased over time when elite hybrids from the 1980s and 1990s 
are compared to hybrids from the 1960s (Reidell and Evenson 1993, Gray and Steffey 1998). 
The ability of the plant to regenerate roots also plays an important part in tolerance to 
com rootworm injury. Root regrowth explained between 60% and 65% of the variability in 
grain yield and was positively influenced by nitrogen and moderate plant densities (Spike 
and Tollefson 1988, Spike and Tollefson 1989). Gray and Steffey (1998) also determined 
that root regrowth was an important mechanism for protecting grain yield but only when soil 
water content was limiting. In seasons with abundant soil water, hybrids with a high 
propensity to regrow roots were penalized in yield potential, routing resources to secondary 
root growth, rather than grain yield (Gray and Steffey 1998). 
Soil Insecticides. Where com is grown in the same field for successive years, the 
primary control tactic used across the Corn Belt to prevent com rootworm larval injury is 
application of a soil insecticide at planting (Tollefson 1990, Gray et al. 1993). Soil 
insecticides typically only protect the root from larval injury and do not manage the com 
rootworm population (Levine and Oloumi-Sadeghi 1991). Sutter et al. (1991) determined 
that beetle emergence was reduced by 50% in plots treated with a soil insecticide compared 
to plots left untreated. However, Gray et al. (1992) found, that in some years, beetle survival 
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in insecticide-treated plots was actually greater compared to untreated plots. Since the 
insecticide is either applied in a 15-cm band over the row or directed into the seed furrow, a 
considerable proportion of the larval population can develop and survive on roots outside the 
treated zone (Sutter et al. 1991, Gray et al. 1992). Turpin (1977) determined that, in Indiana, 
93% of the soil insecticide applications to fields where com was grown for successive years 
were made with little or no knowledge of the com rootworm population contained in the 
field. Other studies have shown that less than half of the continuous cornfields in Iowa and 
Illinois actually contained economically damaging populations (Turpin et al. 1972, Gray et 
al. 1993). 
Over-reliance on soil insecticides for protection from com rootworm larval injury has 
also resulted in control failures. In the late 1940s, cyclodienes began to be used as soil 
insecticides for larval control in Nebraska (Meinke et al. 1998). Ineffective control was first 
detected in 1954, and by 1963 resistance to cyclodienes was so widespread that soil 
insecticides were abandoned in Nebraska until the carbamates and organophosphates were 
introduced in the 1970s (Meinke et al. 1998). 
Adult Management To reduce unnecessary applications of soil insecticides for com 
rootworm larval control, adult sampling techniques have been developed that predict the 
potential for larval damage the following season (Steffey et al. 1982, Tollefson 1990). 
Counting the beetles on entire com plants is one method used to estimate the beetle 
population in cornfields. Several plant-counts per field are needed to provide an accurate 
estimate of the beetle population because adult com rootworms have an aggregated 
dispersion pattern, and the degree of aggregation has a tendency to be density-dependent 
(Steffey and Tollefson 1982). Beetles should be visually counted on two plants at 27 
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locations in a cornfield to obtain a precision level of 30% (Steffey et al. 1982). In fields 
where com is planted for successive years, Pruess et al. (1974) concluded that an average of 
one beetle per plant would result in economic larval damage the following season. However, 
Godfrey and Turpin (1983) determined that the economic threshold in first-year cornfields 
should be reduced to 0.71 beetles per plant, because beetles dispersing into these fields were 
primarily females with ovaries that contained fully developed eggs. These thresholds can be 
used to determine if a soil insecticide should be applied the following season, or to trigger 
insecticide applications targeted at the adults to prevent oviposition during the season (Pruess 
et al. 1974). 
Foster et al. (1986) determined that adult population estimates, using an economic 
threshold of one beetle per plant, were 83% accurate at predicting when economic levels of 
root injury would occur in fields. However, root damage levels below the economic 
threshold were poorly predicted by adult population estimates (Foster et al. 1986). Because 
of this, they concluded that in Iowa it was more cost-effective to always apply a soil 
insecticide to continuous com until more was understood about the dynamics of com 
rootworm injury, or the cost of sampling could be reduced. 
Improving Adult Management. 
Adjusting for Plant Density. Plant density has been shown to influence beetle 
populations in cornfields. Weiss and Mayo (1985) determined that beetle populations were 
significantly lower in fields with low plant densities. Adjusting the beetle population 
estimate, taken with visual whole-plant counts, for plant density resulted in stronger 
correlations to the actual beetle populations present in the fields (Weiss and Mayo 1985). 
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Beetle population estimates also needed adjustment for plant density to significantly correlate 
to egg densities in the fields (Weiss and Mayo 1985). Meinke (1995) compiled a table 
showing the economic threshold for whole-plant counts adjusted for plant density. As plant 
density increased, the economic threshold was reduced below one beetle per plant (Meinke 
1995). 
Sequential Sampling Plan. Sequential sampling plans frequently reduce sampling 
costs because they only attempt to classify the population as being above or below the 
economic threshold and do not quantify the population level (Waters 1955). Foster et al. 
(1982) developed a sequential sampling plan for com rootworm beetles using whole-plant 
counts. They determined that sampling time could be reduced by 36% compared to the fixed 
sampling plan developed by Steffey et al. (1982). The population classifications from the 
sequential sampling plan agreed with population estimates from the fixed sampling plan 96% 
of the time (Foster et al. 1982). 
Sampling with Sticky Traps. Whole-plant beetle counts are useful for estimating 
the population of com rootworms, however, the technique requires training, and the estimate 
can be influenced by sampler experience (Hein and Tollefson 1985). Whole-plant sampling 
also only provides an estimate of the population for one point in time. Population estimates 
could be influenced by the time of day because western com rootworm flight activity is 
bimodal, with peaks occurring during early morning and early evening (Witkowski et al. 
1975). Flight activity is also significantly reduced when temperatures go below 15°C 
(Witkowski et al. 1975). Using traps to sample com rootworm beetles was determined to be 
advantageous because much of the variability associated with whole-plant counts could be 
eliminated. Hein and Tollefson (1984) compared six relative trapping methods for efficiency 
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at estimating corn rootworm beetle populations. They determined that Pherocon® AM 
(Trecé, Inc. Salinas, CA 93907) sticky traps, placed on the stalk in the ear-zone, were 
significantly correlated to estimates obtained with whole-plant counts. Whole-plant counts 
and the Pherocon AM trap were also equally effective in predicting subsequent larval 
damage, although both methods only accounted for 25% of the variability in root injury the 
following season (Hein and Tollefson 1985). Based on these studies, Hein and Tollefson 
(1985) recommended to place 12 Pherocon AM sticky traps per field in a stratified-random 
arrangement and to leave traps in the field for seven days. Sticky trap captures of six beetles 
per trap per day or greater were determined to result in economic damage the following 
season (Hein and Tollefson 1985). 
Modeling Adult Emergence. Developing models that reliably predict adult corn 
rootworm emergence would allow scouting to be focused to key periods, such as peak 
emergence, rather than over the entire season. However, development of accurate models 
with broad geographic utility has been difficult because many factors can interact with 
immature development. Delayed planting of com increases larval mortality and delays the 
onset of adult emergence because larvae from early-hatching eggs perish from lack of food 
(Musick et al. 1980, Bergman and Turpin 1984). Models based on either Julian date or soil 
degree-day accumulations, with a minimum developmental threshold of 11°C, have provided 
the best fits to emergence data collected in the field (Bergman and Turpin 1986, Hein et al. 
1988, Fisher et al. 1990). However, models based on calendar date often fail when 
environmental conditions differ from normal (Ruppel et al. 1978). Soil temperatures can be 
cumbersome to use because they can vary widely in a field, and few publicly accessible 
weather stations record them (Davis et al. 1996). 
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Models based on air temperature degree-day accumulations, with minimum 
developmental thresholds ranging from 11 to 16°C, have generally been poor predictors of 
adult emergence (Ruppel et al. 1978, Bergman and Turpin 1986, Hein et al. 1988). This is 
because many edaphic characteristics, such as thermal conductivity of the soil, soil type, and 
vertical distribution of eggs in the field all influence the accumulation of heat units by the 
immature stages (Bergman and Turpin 1986). Davis et al. (1996) attempted to improve 
models based on air temperature by including both a minimum and maximum developmental 
threshold of 11 and 18°C, respectively. Although these models explained 78 and 82% of the 
variability in northern and western com rootworm emergence, respectively, studies 
conducted in the laboratory showed that com rootworm development was not hindered until 
temperatures were above 30°C (Jackson and Elliott 1988, Woodson and Jackson 1996). 
Also, these models could not be validated at locations outside the region where they were 
developed without first expressing degree-days as a proportion of the 20- to 30-year average 
accumulation from 1 January to 30 September for the location (Davis et al. 1996). 
Ruppel et al. (1978) determined that predicting adult com rootworm emergence from 
the first day beetles were seen in the field was more reliable than calendar date or 
physiological time based on air temperature. In their study, northem and western corn 
rootworm emergence peaked approximately 23 and 27 days, respectively, after the first 
beetle was seen in the field. However, the objective of their study only was to compare air 
temperature degree-day accumulations, calendar date, and days after the first beetle was 
captured for their reliability as indices of cumulative emergence. No predictive models were 
developed or validated in their study. 
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Areawide Pest Management. As an alternative to managing pest populations in 
individual fields, Knipling (1980) proposed a concept called regional management, now 
being referred to as areawide pest management. This concept uses a coordinated approach 
aimed at suppressing a single pest population below economically damaging levels across a 
large geographical area delineated by the pest's colonization and dispersal range (Knipling 
1980). Pruess et al. (1974) conducted a study in Nebraska to determine if areawide pest 
management for corn rootworms would provide a viable alternative to soil insecticides. The 
study was conducted over three years across an area 41.4 km2 in size. The goal was to use 
aerial applications of ULV (ultra-low-volume) malathion applied to all fields (both com and 
alfalfa) in the 41.4 km2 area to suppress beetle populations and prevent significant 
oviposition from occurring. Com rootworm populations in the area were reduced by 39, 54, 
and 72% after each year of the study. Also, none of the cornfields suffered economic 
damage the year following the study. However, because the entire area was treated each 
year, the cost of the program was greater than using soil insecticides. 
Areawide management of com rootworms is currently being tested again in a pilot 
project replicated at five locations, South Dakota, Kansas, Iowa, Illinois/Indiana, and Texas 
(Tollefson 1998). The overall goal of this study is similar to that of Pruess et al. (1974), to 
suppress beetle populations below economically damaging levels across a 41.4 km2. 
However, in this study, only cornfields that exceed the economic threshold during the season 
are treated, and the insecticide being used is a semiochemical bait that combines a powdered 
cucurbit (buffalo gourd [Cucurbita foetidissima H.B.K.] powder, 87%) as a feeding 
stimulant, with a low dose of carbaryl insecticide (13%) for beetle control (Tollefson 1998). 
By incorporating an intensive scouting program into the project, management costs could be 
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prohibitive to growers compared to soil insecticides (Tollefson 1998). However, because the 
number of fields exceeding the economic threshold should be reduced over time, the cost of 
insecticide should also be reduced, freeing up more resources for scouting (Tollefson 1998). 
Corn Rootworm Reproductive Biology and Management 
Ovarian Development. Determining the optimum time to apply an insecticide 
targeted to prevent oviposition has been studied by monitoring the ovarian development of 
female corn rootworms (Short and Hill 1972). Short (1970) conducted the initial studies 
characterizing oogenesis in western com rootworm females. He determined that western 
com rootworm females had telotrophic ovaries that each contained approximately 50 
ovarioles. The rate of ovarian development in com rootworms has been further characterized 
with visual rating scales. Cinereski and Chiang (1968) classified ovarian development into 
five stages based on ovary size and degree of egg development. An ovarian rating of one 
was given to immature ovaries with no egg development visible in the ovarioles. Stage two 
ovaries had eggs that were starting to develop, but the eggs occupied less than half of the 
ovarioles. Stage three ovaries had eggs that occupied more than half of the ovarioles. Stage 
four ovaries contained fully developed eggs with sculpturing clearly visible on the egg 
chorion. Stage five represented spent ovaries, found in females that had completed 
oviposition. Females with ovaries in stage four were considered to be gravid, or actively 
ovipositing at the time of collection. However, Hill (1975) determined that females with 
ovary ratings of 3.5 could have initiated oviposition because sculpturing of the chorion was 
visible on the most developed eggs near the base of each ovariole at that time. Short and Hill 
(1972) modified this scale by incorporating half-ratings. They also correlated each ovarian 
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development rating to beetle age from the time of emergence. Short and Hill (1972) 
determined that between 10 and 20 August was the best time to apply an insecticide to 
prevent oviposition in continuous cornfields of Nebraska. During this period, female 
emergence was essentially complete, very few gravid females were detected, and eggs were 
just beginning to appear in the soil. 
Row Spacing and Corn Rootworms 
Row Spacing. In the early 20th century, the row spacing of field corn across the Com 
Belt was limited to 112 cm to accommodate horse-drawn equipment (Olson and Sander 
1988). Beginning in the 1930s, row spacing began to progressively decline, and plant 
populations could be increased because of the invention of mechanized equipment capable of 
working in narrower rows, development of com hybrids with improved genetics, and 
development of commercial fertilizers and herbicides (Cardwell 1982, Olson and Sander 
1988). Today, the conventional row spacing of com is 76 cm or less across the Com Belt 
(Cardwell 1982, Porter et al. 1997). The reduction in row spacing from 112 cm to 76 cm 
resulted in a 5 to 7% increase in grain yield (Olson and Sander 1988, Porter et al. 1997). 
Researchers have questioned if row spacings less than 76 cm should be considered to 
maximize the grain yield of com. Reducing the distance between rows from 76 cm to 38 cm 
results in a more equidistant spatial arrangement of plants at any given plant density. 
Theoretically, a more equidistant plant spacing should reduce interplant competition for light, 
nutrients, and water, and allow maximum grain yield to be achieved (Dungan 1946, Bullock 
et al. 1988, Nielsen 1988, Olson and Sander 1988, Porter et al. 1997). 
The yield response to a more equidistant plant spacing under non-irrigated conditions 
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has been variable, with increases ranging from a 0 to 8% (Nielsen 1988, Polito and Voss 
1991, Porter et al. 1997). The inconsistent yield response has been attributed to the 
interaction of row spacing with plant density, soil moisture, and hybrid adaptability to the 
location (Fulton 1970, Olson and Sander 1988, Nielsen 1988, Porter et al. 1997). Bullock et 
al. (1988) determined the early-season growth rate of corn was significantly greater in an 
equidistant spatial arrangement compared to corn planted in 76-cm rows. Equidistant plant 
spacing also reduces light transmittance to the soil, decreasing competition from weeds, and 
reducing evaporation from the soil (Teasdale 1995, Murphy et al. 1996). However, increased 
absorption of light-energy by com in an equidistant spatial arrangement increases 
transpiration, and can reduce yields when soil moisture is limiting (Fulton 1970, Porter et al. 
1997). 
For spatial arrangement of plants to be a limiting factor on grain yield, other factors 
that can reduce yield need to be eliminated. Very little information is available on how a 
more equidistant plant spacing would impact damage from com rootworms. Field studies 
conducted by Suttle et al. (1967) showed that larvae could inflict injury when com rows were 
spaced 102 cm apart. However, Short and Luedtke (1970) determined that larval survival 
and root injury significantly declined when larvae had to migrate greater than 30 cm to locate 
roots after hatching. An equidistant spatial arrangement of com plants could increase larval 
survival because first instars would have less distance to travel in the soil to locate a com 
root. Increased larval survival could translate into greater root injury and reduced grain 
yield. Alternatively, decreased interplant competition in a more equidistant plant spacing 
could increase tolerance to larval injury. 
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CHAPTER 2. EFFECTS OF ROW SPACING AND PLANT DENSITY ON 
CORN ROOTWORM (COLEOPTERA: CHRYSOMELIDAE) LARVAL SURVIVAL 
AND DAMAGE POTENTIAL TO CORN 
A paper to be submitted to the Journal of Economic Entomology 
Timothy M. Nowatzki 
Abstract 
Planting com, Zea mays L., in row spacings less than the conventional width of 76 cm 
has been shown to increase grain yields. This study was conducted to determine if row 
spacing and plant density affected com rootworm, Diabrotica virgifera virgifera LeConte 
and D. barberi Smith and Lawrence, survival, larval injury to the roots, and plant tolerance to 
injury. Field experiments were conducted at Ames and Nashua, IA, in 1998, 1999, and 2000. 
Treatments were row spacings of 38 cm and 76 cm, and plant populations of 65,250 and 
80,500 plants per ha. The environment influenced most of the response variables measured, 
and differences were often related to precipitation differences. Larval survival was 
significantly greater in 38-cm compared to 76-cm rows. However, neither row spacing nor 
plant population affected the amount of root injury. Row spacing alone did not influence 
root dry weight or regrowth. However, at one environment where precipitation was low, 
plants in 38-cm rows had greater tolerance to injury compared to plants in 76-cm rows. Root 
dry weight and the amount of regrowth were suppressed at the high plant population. 
Although lodging was significantly reduced in the 38-cm rows, grain yields were not 
significantly different between row spacings. Reducing the row spacing of field com from 
76 to 38 cm should not increase the potential for injury from com rootworm larvae. 
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Introduction 
In the early 20th century, the row spacing of field com, Zea mays L., in the Com Belt 
was limited to 112 cm to accommodate horse-drawn equipment (Olson and Sander 1988). 
Beginning in the 1930s, row spacing began to progressively decline, and plant populations 
could be increased because of the invention of mechanized equipment capable of working in 
narrower rows, development of com hybrids with improved genetics, and development of 
commercial fertilizers and herbicides (Cardwell 1982, Olson and Sander 1988). Today, the 
conventional row spacing of com is 76 cm or less across the Com Belt (Cardwell 1982, 
Porter et al. 1997). The reduction in row spacing from 112 cm to 76 cm resulted in a 
consistent 5 to 7% increase in grain yield (Olson and Sander 1988, Porter et al. 1997). 
Researchers have questioned if row spacings less than 76 cm should be considered to 
maximize the grain yield of com. Reducing the distance between rows from 76 cm to 38 cm 
results in a more equidistant spatial arrangement of plants at any given plant density. 
Theoretically, a more equidistant plant spacing should reduce interplant competition for light, 
nutrients, and water, and allow maximum grain yield to be achieved (Dungan 1946, Bullock 
et al. 1988, Nielsen 1988, Olson and Sander 1988, Porter et al. 1997). 
The yield response to a more equidistant plant spacing under non-irrigated conditions 
has been variable, with increases ranging from a 0 to 8% (Nielsen 1988, Polito and Voss 
1991, Porter et al. 1997). The inconsistent yield response has been attributed to the 
interaction of row spacing with plant density, soil moisture, and how adapted the hybrid was 
to the location (Fulton 1970, Olson and Sander 1988, Nielsen 1988, Porter et al. 1997). 
For spatial arrangement of plants to be a limiting factor on grain yield, other factors 
that can reduce yield need to be eliminated. Very little information is available on how a 
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more equidistant plant spacing would impact damage from northern and western com 
rootworms, Diabrotica barberi Smith and Lawrence and D. virgifera virgifera LeConte, 
respectively. 
Com rootworms are economically important, perennial insect pests of com, primarily 
when com is grown in the same field for successive years (Levine and Oloumi-Sadeghi 
1991). Northern and western com rootworms are univoltine, and the egg and larval stages 
are subterranean. Larvae are oligophagous, preferring to feed on com roots (Branson and 
Ortman 1967). Larval feeding reduces grain yield by limiting the transport of water and 
nutrients to the developing plant, and increasing the plant's susceptibility to lodging (Levine 
and Oloumi-Sadeghi 1991). 
First instars locate a host by sensing COz gradients in the soil given off by the root 
during respiration (Stmad and Bergman 1987, Gustin and Schumacher 1989, MacDonald and 
Ellis 1990, Bemklau and Bjostad 1998). Although first instars can travel up to 40 cm 
horizontally in soil under optimum conditions (MacDonald and Ellis 1990), significant 
mortality occurs within 12 hours after hatching if a suitable host is not located (Stmad and 
Bergman 1987). An equidistant spatial arrangement of com plants could increase larval 
survival because first instars would have less distance to travel in the soil to locate a com 
root. Increased larval survival could translate into greater root injury and reduced grain 
yield. 
Alternatively, decreased interplant competition in a more equidistant plant spacing 
could increase the plant's tolerance to larval injury. Tolerance to com rootworm injury is 
conferred by a large root system and the hybrid's ability to regenerate injured roots (Rogers 
et al. 1975, Spike and Tollefson 1989, Gray and Steffey 1998). Root regrowth after the 
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period of larval injury has been shown to explain 60-65% of the variability in grain yield 
(Spike and Tollefson 1988). However, interplant competition at high plant densities can also 
suppress root size and the amount of root regrowth (Spike and Tollefson 1989). 
The first objective of this study was to determine if altering row spacing and plant 
density to create a more equidistant spatial arrangement of com plants would impact survival 
of and injury from com rootworm larvae. The second objective was to determine if row 
spacing affected tolerance to com rootworm larval injury. 
Materials and Methods 
Experimental Design. The study was conducted at Ames and Nashua, IA in 1998, 
1999, and 2000. Plots at Ames were located on the Iowa State University Johnson Research 
Farm in 1998 and 1999, and on the Old Swine Farm in 2000. Plots at Nashua were on the 
Northeast Research and Demonstration Farm in all three years. The experimental design was 
a randomized complete block with a factorial arrangement of treatments replicated six times. 
Replication length ranged from 9.1 to 22.8 m, depending on space available at each location. 
Treatments were plant populations of 65,250 and 80,500 plants per ha planted in eight rows 
spaced 38 cm apart and four rows spaced 76 cm apart, respectively. The row spacing and 
plant density treatment combinations resulted in four spatial arrangements of plants, 
measured as the distance between plants within the row x the distance between rows: (1)40 
x 38 cm (38 cm-low); (2) 33 x 38 cm (38 cm-high); (3) 20 x 76 cm (76 cm-low); and (4) 6.5 
x 76 cm (76 cm-high). 
Plot Establishment. Each plot was planted to an area containing enhanced, natural 
infestations of com rootworms. Enhancement was achieved by growing late-planted com in 
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the plot area the previous season to attract female beetles for oviposition. Planting dates for 
the experiments at Ames were 14 May 1998,15 May 1999, and 4 May 2000. Planting dates 
for the experiments at Nashua were 15 May 1998, 3 May 1999, and 1 May 2000. The 
hybrid, 34G81 (Pioneer Hi-Bred International, Inc., Des Moines, IA 50306) with a maturity 
rating of 107 days, was planted at all locations. Seeds were planted with a four-row John 
Deere Max-Emerge™ 7100 (Deere and Company, Moline, EL 61265) integral planter with 
rows spaced 76 cm apart. To obtain the 38-cm row spacing treatments, two planter-passes 
were required so that rows in the second pass were placed midway between rows planted in 
the first. In each treatment, beetle emergence and root samples were taken from the center 
two rows to minimize the effect of soil compaction from wheel tracks. 
Agronomic Information. Tillage at each location consisted of fall chisel plowing 
followed by cultivation in spring before planting. At Ames, nitrogen was applied before 
planting at rates of 142, 175, and 207 kg per ha in 1998, 1999, and 2000, respectively. At 
Nashua, 202 kg per ha of nitrogen was applied before planting in each year. Weed control at 
each location consisted of one application of a soil-incorporated herbicide before planting, 
followed by one broadcast-applied herbicide in mid-June. Any weeds that escaped the 
herbicides were manually removed from the plots in late June. 
Adult Emergence. One emergence cage, 76 cm long and 43 cm wide, was placed in 
each treatment to capture adult com rootworms for an estimate of larval survival. The cages 
were similar to those designed by Hein et al. (1985) but had a zipper sewn into the screen to 
facilitate beetle collection. At Ames, cages were placed in the plot on 8 July 1998, 2 July 
1999, and 23 June 2000. At Nashua, cages were placed in the plot on 6 July 1998,6 July 
1999, and 30 June 2000. In the 38-cm row spacing treatments, cages were placed across the 
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center two rows, encompassing two plants at the low population and four plants at the high 
population. In the 76-cm row spacing treatments, cages were placed across one of the center 
two rows, encompassing one plant at the low population, and three plants at the high plant 
population. Cage placement required cutting the corn plants off at the soil surface, setting 
the cage over the cut plants, and sealing the base of the cage with loose soil. Emerging 
beetles were captured in a 0.47-liter paper cup, coated on the inside with Tangle-Trap Insect 
Trap Coating (The Tanglefoot Company, Grand Rapids, MI 49504), that was positioned at 
the top of a wooden stake driven into the soil in the center of each cage. Cups were changed 
at approximately 10-day intervals, and the total number of northern and western com 
rootworm beetles that emerged during the season was recorded for each treatment. Adult 
emergence was analyzed as the number of beetles that emerged per m2 of soil. 
Root Injury and Regrowth. Larval injury was evaluated by digging five root 
masses from each treatment in July and again in August. At Ames, roots were dug on 21 
July and 17 August in 1998, 14 July and 6 August in 1999, and 7 July and 11 August in 
2000. At Nashua, roots were dug on 16 July and 12 August in 1998, 23 July and 19 August 
in 1999, and 14 July and 14 August in 2000. All roots were taken from the center two rows 
of each treatment, and each had an appropriately spaced, competitive plant growing on each 
side of it. Each root mass was carefully washed with water and the amount of injury rated 
with the Iowa State University Node-Injury Scale (Oleson and Tollefson unpublished). The 
Iowa State University Node-Injury Scale is as follows: 0.00 — no feeding damage; 1.00 — one 
node, or the equivalent of an entire node, eaten back to within approximately 5 cm of the 
stalk; 2.00 — two nodes eaten; 3.00 — three or more nodes eaten. Damage between complete 
nodes eaten is noted as the percentage of the node missing, e.g., 1.50 = one and a half nodes 
eaten and 0.25 = one quarter of one node eaten. After assigning an injury rating, the stalk of 
each root mass sampled in July was cut off 10 cm above the soil line and 15 cm above the 
soil line for roots sampled in August. Roots sampled in August were cut longer because of 
additional brace root development that occurred. Each root mass, including the remaining 
stalk, was then placed in a mesh bag, dried for approximately seven days at 38°C, and 
weighed. The amount of root regrowth for each treatment was calculated by subtracting the 
average dry weight of the five root masses dug in July from the average dry weight of the 
five root masses dug in August. 
Lodging and Grain Yield. The Ames plots were hand-harvested on 15 October in 
1998, 1 October in 1999, and 21 September in 2000. The Nashua plots were hand-harvested 
on 8 October in 1998, 20 October in 1999, and 27 September in 2000. Two measurements 
per treatment of the plant stand, percent lodging, and grain yield were taken from an 
undisturbed section of rows 5.3 m long. In the 76-cm row spacing treatments, the first 
sample was taken in row two, and the second sample in row three. In the 38-cm row spacing 
treatments, measurements from rows three and four were combined for the first sample, and 
measurements from rows five and six combined for the second sample. This was necessary 
so measurements between the two row spacing treatments could be compared on an area 
basis. A plant was considered lodged if the angle between the plant and the ground was 45° 
or less. Corn ears were hand-harvested, weighed, and the ear-weight (adjusted for grain 
moisture) converted to kg per ha of shelled com at 15.5% moisture. 
Data Analysis. Initially, data were analyzed by location and year using the general 
linear models procedure in PC-SAS (SAS Institute 1999). Variances for each response 
variable were determined to be homogeneous (F-test; P = 0.05) across years and locations, so 
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data were pooled for further analysis. A combined ANOVA across environments was 
performed with the GLM procedure, using a 'RANDOM' statement to assign all random 
effects in the model (SAS Institute 1999). Random effects were environment (ENV), 
replication within environment [Rep(ENV)], ENV x row spacing, ENV x plant population, 
and ENV x row spacing x plant population. The mean square error for Rep(ENV) was used 
to test ENV. Row spacing and plant population were tested with the mean square error for 
ENV x row spacing, and ENV x plant population, respectively. The row spacing x plant 
population interaction was tested with the mean square error for ENV x row spacing x plant 
population. The three-way interaction was tested with the overall mean square for error. 
Response variables were analyzed as least squares means, and means were separated using 
least significant differences of the least squares means. Correlation and regression analyses 
were used to explain treatment interactions with ENV. 
Results 
Precipitation totals for the months of May through October, at five of the six 
environments, exceeded the 30-year average (Table 1). Precipitation was most extreme at 
Nashua in 1999, where rainfall in July exceeded the 30-year average by 36.4 cm. 
Precipitation from May through October was lowest at Ames in 2000, 17.5 cm below the 30-
year average (Table 1). 
Two estimates per treatment of the plant density were taken at harvest in rows 5.3 m 
long. Plant densities, averaged across the six environments, were slightly lower than targeted 
for each plant population treatment, but were significantly different (Fig. 1). A black 
cutworm, Agrotis ipsilon (Hufnagel), infestation at Ames in 1999 reduced plant stands and 
contributed to lower overall plant populations. However all root samples and estimates of 
beetle emergence were taken from areas of each treatment that had appropriately spaced, 
competitive plants. 
Adult Emergence. Adult emergence per m2 of soil was significantly different among 
environments (Table 2). Differences in beetle emergence across environments were expected 
because natural infestations were used. However, there was a strong negative correlation 
between precipitation in May and June and beetle emergence across environments (r = -0.86, 
P = 0.028, n = 6). Emergence was highest at Ames in 2000, the environment with the least 
precipitation, and declined in environments where precipitation was greater than the 30-year 
average (Table 3). High soil water content reduces pore space in the soil and has been shown 
to significantly increase mortality of first instars by limiting their movement to roots 
(MacDonald and Ellis 1990). 
Row spacing had a significant effect on beetle emergence per m2 of soil (Table 2). 
Beetle emergence was 31% greater in the 38-cm rows compared to the 76-cm rows (Table 4). 
Neither plant population nor the row spacing x plant population interaction significantly 
influenced beetle emergence per m2 of soil (Table 2). 
Root Injury. Root injury was measured in mid-July and mid-August at each 
environment. Root ratings between the two sample dates were compared with analysis of 
variance, and results indicated that injury did not reach maximum levels until August (F = 
28.63, df = 1, P < 0.0001). For that reason, only root ratings from August are reported. On 
the Iowa State University Node-Injury Scale, a root injury rating of 0.50 or greater can result 
in measurable yield loss (Oleson and Tollefson personal communication). Root injury 
exceeded this economic injury index at five of the six environments (Table 3). Excessive 
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rainfall from May through October at Nashua in 1999 probably increased larval mortality and 
contributed to lower levels of root injury. 
Although adult emergence was significantly greater in the 38-cm rows, it did not 
translate into greater root injury. There were no significant differences in root injury 
between the two row spacings, plant populations, or for any of the treatment interactions 
(Table 2). Mean root ratings for the main treatment effects of row spacing and plant 
population treatment are shown in Table 4. 
Root Dry Weight. Tolerance to com rootworm injury is conferred by a large root 
system (Rogers et al. 1975, Spike and Tollefson 1989, Gray and Steffey 1998). Root size 
was determined by measuring root dry weight in July, after the majority of larvae should 
have completed feeding but before significant root regrowth had occurred. Although 
environment significantly influenced dry weight (Table 2), the only difference occurred at 
Nashua in 1999 (Table 3). Dry weights at Nashua in 1999 were significantly greater 
compared to the other five environments. 
The dry weights between plant populations were also significantly different (Table 2). 
Roots at the low plant population weighed 14% more than roots at the high plant population 
(Table 4). However, row spacing had no significant effect on root dry weights, regardless of 
the environment (Table 2). This indicates that creating a more equidistant plant spacing by 
reducing row spacing does not increase tolerance to corn rootworm injury, conferred by a 
large root system. 
Root Regrowth. Another measure of tolerance to com rootworm injury is the plant's 
ability to regrow roots that have been injured (Rogers et al. 1975, Spike and Tollefson 1989, 
Gray and Steffey 1998). The environment significantly influenced the amount of root 
regrowth (Table 2). Regrowth was lowest at Nashua in 1999, the environment with the 
greatest rainfall, and highest at Ames in 2000, where precipitation was 17.5 cm below the 30-
year average (Table 3). Precipitation during June and July explained 78% of the variability 
in root regrowth across the six environments (Fig. 2). The rate of nitrogen applied at Ames 
in 2000 was also greater compared to the other two Ames environments, but was not 
different than the rate applied at all three Nashua environments. 
Root regrowth was significantly different between plant populations (Table 2). Roots 
at the low population had 32% more regrowth than roots at the high population (Table 4), 
suggesting that increased interplant competition at the high population limited regrowth. 
This response agrees with Spike and Tollefson (1989), who determined that regrowth of 
damaged plants was enhanced at a moderate plant density of 63,000 plants per ha but 
suppressed at a high plant population of 87,000 plants per ha. 
The strong influence plant population had on regrowth, evident by the large F-value, 
explains the significant interaction with row spacing (Table 2). Comparison of the means for 
this interaction showed no difference in regrowth between row spacings within a population 
but a large difference between plant populations across row spacings. Roots in the 38 cm-
low and 38 cm-high treatments had 18.7 and 13.5 g of regrowth, and roots in the 76 cm-low 
and 76 cm-high treatments had 20.1 and 12.9 g of regrowth (SEM = 0.28, n = 36), 
respectively. 
Although row spacing alone had no effect on regrowth, there was a significant 
environment x row spacing interaction (Table 2). At Nashua, regrowth was always greater in 
the 76-cm compared to the 38-cm rows (Fig. 3). However, at Ames in 1998 and 2000, the 
opposite occurred. Regrowth was greater in the 38-cm compared to the 76-cm rows. This 
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differential response to row spacing was also most pronounced at Ames in 2000, the 
environment with the least precipitation. At this environment, plants in 38-cm rows 
produced significantly more regrowth than plants in 76-cm rows, and at a level greater than 
at all other environments (Fig. 3). This could indicate that when precipitation is limiting, 
plants in 38-cm rows have a greater ability to produce regrowth compared to plants in 76-cm 
rows because of reduced interplant competition. Less interplant competition for moisture in 
the 38-cm rows could have allowed plants to route more resources to the production of 
regrowth when soil moisture was limiting. 
Lodging and Yield. Lodging was significantly different between environments 
(Table 2) and was positively correlated to average root injury across environments (r = 0.84, 
P - 0.036, n = 6). The most significant lodging occurred at Nashua in 2000, averaging 58% 
across the plot (Table 3). Plant population had no significant affect on lodging (Table 2). 
Lodging was 50% lower in the 38-cm compared to the 76-cm rows, and this difference was 
significant (Table 4). There was also a significant environment x row spacing interaction for 
lodging (Table 2). The difference in lodging between row spacings was magnified as the 
level of lodging increased across environments (Fig. 4). Although grain yields differed 
across environments, neither row spacing nor plant population had significant effects on 
yield (Table 2). The more equidistant plant spacing created with rows spaced 38 cm apart 
offered no grain yield advantage across the six environments tested (Table 4). 
Discussion 
Creating a more equidistant spatial arrangement of com plants by reducing the row 
spacing from 76 to 38 cm significantly increased com rootworm survival across the six 
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environments. Increased survival in rows spaced 38 cm apart probably relates to the reduced 
distance first instars had to travel to locate a com root. Branson et al. (1982) suggested that 
availability of com roots at the time of larval establishment was a major factor affecting com 
rootworm survival. In a field study conducted by Suttle et al. (1967), com rootworm larvae 
had the ability to migrate up to 102 cm through the soil and inflict damage to com roots. 
However, Short and Luedtke (1970) found that larval survival and root injury significantly 
declined when first instars had to migrate more than 30 cm to roots. In our study, reducing 
the row spacing from 76 to 38 cm decreased the maximum distance a larva had to travel to 
locate a com root from 38 to 19 cm, respectively. The distance of 19 cm is well below the 30 
cm threshold reported by Short and Luedtke (1970). In laboratory studies, MacDonald and 
Ellis (1990) also determined that when soil was extremely wet (36% soil water content) or 
dry (<18% soil water content), western com rootworm larval movement was restricted, 
increasing mortality and reducing larval establishment on the roots. Measurements of the 
soil water content were not taken in this study. However, precipitation was greater than the 
30-year average at five of the six environments. Saturated soil conditions during the larval 
establishment period could have provided an advantage to larvae in the 38-cm row spacing 
treatments, by reducing the distance they had to travel and increasing survival. It is unknown 
why the 31% increase in survival in the 38-cm rows did not translate into greater root injury. 
Both root dry weight and regrowth were suppressed at the high plant population. 
These responses are similar to those reported by Spike and Tollefson (1988). In their study, 
plant density at a moderate level of 65,000 plants per ha enhanced both root size and root 
regrowth, and the high plant density of 87,000 plants per ha suppressed them. 
Precipitation during June and July explained 78% of the variability in root regrowth 
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across environments. Regrowth was highest at Ames in 2000, the environment with the least 
precipitation, and lowest at Nashua in 1999, the wettest environment. This corresponds to 
results by Godfrey et al. (1993), who observed that, under severe com rootworm larval 
injury, production of regrowth was stimulated more by dry soil conditions compared to moist 
soil conditions. However, Spike and Tollefson (1988) observed that regrowth was reduced in 
a year with low precipitation early in the growing season. The significant environment x row 
spacing interaction for regrowth also suggested that when precipitation was limiting, plants 
in 38-cm rows produced more regrowth than plants in 76-cm rows. However, this should be 
tested in a future study because only one of the six environments had significant precipitation 
deficits, and only one com hybrid was evaluated. 
In summary, reducing the row spacing of field com from 76 to 38 cm should not 
increase the potential for injury from com rootworm larvae. Although more beetles were 
produced per m2 of soil in the 38-cm rows, the increase in survival did not translate into 
increased root injury. High plant densities suppressed both root dry weight and root 
regrowth. Reducing the row spacing to 38 cm did not increase the plant's tolerance to com 
rootworm injury across the six environments tested. However, evidence from one 
environment suggested that when precipitation in June and July was limiting, plants in 38-cm 
rows produced more regrowth compared to plants in 76-cm rows. More research is needed in 
environments where precipitation is limiting to determine if this trend is consistent. 
Although lodging from com rootworm injury was significantly reduced in the 38-cm rows, 
grain yields were not different between the two row spacings. 
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Table 1. Precipitation totals (cm) and deviations from the 30-year average (shown in parentheses) for the months 
of May-October, 1998-2000, at Ames and Nashua, IA. 
1998 1999 2000 
Month Ames Nashua Ames Nashua Ames Nashua 
May 10.3 (-0.1) 12.9 (+2.6) 16.2 (+5.8) 19.7 (+9.4) 8.2 (-2.2) 11.3 (+1.0) 
June 29.7 (+17.1) 22.9 (+11.2) 12.1 (-0.5) 14.5 (+2.8) 13.8 (+1.2) 25.6 (+13.9) 
July 9.0 (-2.3) 3.4 (-7.1) 17.3 (+6.0) 46.9 (+36.4) 8.8 (-2.5) 12.7 (+2.2) 
August 15.0 (+2.3) 18.2 (+8.4) 10.7 (-2.0) 14.5 (+4.7) 5.2 (-7.5) 9.4 (-0.4) 
September 2.0 (-6.2) 5.9 (-3.8) 5.1 (-3.1) 4.1 (-5.6) 3.6 (-4.6) 4.7 (-5.0) 
October 10.6 (+4.2) 10.7 (+4.0) 0.9 (-5.5) 2.3 (-4.4) 4.6 (-1.8) 6.6 (-0.1) 
Total 76.7 (+15.1) 74.0 (+15.4) 62.2 (+0.6) 101.9 (+43.3) 44.1 (-17.5) 70.4 (+11.8) 
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Fig. 1. Mean (± SEM) plant densities measured at harvest for the targeted treatments 
of 65,250 and 80,500 plants per ha, at each row spacing, combined across six environments 
(Ames and Nashua, IA, 1998—2000; Bars with the same letter are not significantly different; 
LSD, P < 0.05; n = 36). 
Table 2. Analysis of variance table (a = 0.05) for the effects of row spacing and plant population on corn 
rootworm beetle emergence, root injury parameters, lodging and grain yield across six environments (Ames and Nashua, 
IA, 1998-2000). 
Beetle Node-injury Root Root Plant Grain 
emergence rating dry weight regrowth Lodging yield 
Source of variation df F P> F F P> F F P > F F P > F F P> F F P > F 
Environment (ENV) 5 10.2 <0.01 11.9 <0.01 10.8 <0.01 9.7 <0,01 14.3 <0.01 12.9 <0.01 
Rep(ENV)" 30 2.3 <0.01 3.3 <0.01 1.7 0.03 2.1 <0,01 3.3 <0.01 2.6 <0.01 
Row Spacing (RS) 1 12.5 0.02 0.2 0.68 5.5 0.07 0.1 0.84 7.7 0.04 0.0 0.94 
Plant Population (P) 1 3.7 0.11 1.4 0.30 38.9 <0.01 382.1 <0,01 4,2 0.10 2.7 0.16 
RSxP 1 0.2 0.67 1.0 0.38 1.8 0.24 13.4 0.01 0.5 0.49 4.6 0.09 
ENVxRS 5 1.6 0.31 1.9 0.25 2.7 0.15 41.9 <0.01 6.5 0.03 4.8 0.06 
ENVxP 5 1.7 0.29 1.1 0.47 0.9 0.55 1.3 0.40 1.0 0,50 16.4 <0.01 
ENVxRSxP 5 0.9 0.50 1.1 0.37 0.8 0.59 0.1 0.99 0.9 0.51 0.6 0.70 
Error 90 
" Replication nested within environment, Rep(Env). 
Table 3. Means for the main effect of environment on corn rootworm beetle emergence, larval injury to corn 
roots, root dry weight, plant lodging, and grain yield (n = 24). 
Environment 
Emergence 
(beetles/m2) 
Node-injury 
rating 
Root 
Dry weight (g) 
Root 
Regrowth (g) 
Plant 
Lodging (%) 
Yield 
(kg/ha x 1000) 
Ames, IA 1998 31.18a 0.72 ab 13.23 a 9.15 abc 19.50 b 5.75 a 
1999 148.10b 1.04 b 16.52 a 16.64 cd 11.25 ab 9.95 be 
2000 170.20 b 1.06 b 16.57 a 25.25 e 3.71 ab 10.39 be 
Nashua, IA 1998 38.88 a 0.75 ab 15.57 a 24.54 de 0.35 a 11.26 c 
1999 59.09 a 0.32 a 22.81 b 6.12a 4.28 ab 8.98 b 
2000 111.74 b 1.95 c 15.32 a 15.99 be 58.06 c 10.96 c 
SEMa 18.36 0.16 0.99 2.50 5.71 0.56 
a SEM = standard error of the mean. 
Means in each column followed by the same letter not significantly different (Least Significant Difference test; P < 0,05). 
Table 4. Means for the main treatment effects of row spacing and plant population on corn rootworm beetle 
emergence, larval injury to corn roots, root dry weight, plant lodging, and grain yield (n - 72). 
Treatment 
Emergence 
(beetles/m2) 
Node-injury 
rating 
Root 
Dry weight (g) 
Root 
Regrowth (g) 
Plant 
Lodging (%) 
Yield 
(kg/ha x 1000) 
Row spacing (cm) 
38 110.47 a 0.95 a 17.51 a 16.08 a 10.72 a 9.56 a 
76 75.93 b 0.99 a 15.84 a 16.48 a 21.66 b 9.54 a 
SEMa 6.915 0.063 0.502 1.281 2.787 0.149 
Plant population (plants per ha) 
65,250 83.63 a 0.93 a 17.94 a 19.36 a 14.61 a 9.23 a 
80,500 102.78 a 1.01 a 15.04 b 13.21 b 17.78 a 9.87 a 
SEM 7.068 0.047 0.288 0.222 1.090 0.276 
a SEM = standard error of the mean. 
For each main treatment effect, means in each column followed by the same letter not significantly different (General 
linear model procedure; P < 0.05). 
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CHAPTER 3. DEVLOPMENT AND VALIDATION OF MODELS FOR 
PREDICTING THE SEASONAL EMERGENCE OF CORN ROOTWORM 
(COLEOPTERA: CHRYSOMELIDAE) BEETLES IN IOWA 
A paper to be submitted to Environmental Entomology 
Timothy M. Nowatzki 
Abstract 
Effective management of adult northern and western com rootworms, Diabrotica 
barberi Smith and Lawrence and D. virgifera virgifera LeConte, respectively, requires 
knowledge of their emergence pattern so scouting and adult insecticide applications can be 
accurately timed. The objective of this study was to develop and validate species- and sex-
specific models that reliably predicted adult corn rootworm emergence in Iowa. The models 
were developed from data collected in 57 Iowa cornfields over five years. Validation was 
accomplished by comparing the models to emergence data collected in 21 additional fields 
from a separate year. The Weibull function provided a good description of adult com 
rootworm emergence in Iowa. Degree-days accumulated from the day the first beetle was 
captured in a field (biofix) explained 85% of the variability in total corn rootworm 
emergence over five years. The model for total com rootworm emergence explained 89% of 
the variability in total beetle emergence observed in the validation year. The peak for total 
beetle emergence occurred 211 degree-days post-biofix. The Pherocon® CRW Trap was 
highly efficient at detecting the biofix, capturing the first beetle an average of two days 
earlier than emergence cages. These models do not eliminate scouting for adult corn 
rootworms but should improve the scouting efficiency by allowing growers to focus scouting 
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to key periods, such as peak beetle emergence, when populations should be at their maximum 
abundance in the field. 
Introduction 
Northern com rootworms, Diabrotica barberi Smith and Lawrence, and western com 
rootworms, Diabrotica virgifera virgifera LeConte, are perennial insect pests of com, Zea 
mays L., across the Com Belt. In Iowa, economic losses from these pests are most severe 
when com is grown in the same field for successive years. Both species are univoltine and 
overwinter as eggs, typically in the soil of the cornfield. Egg hatch begins in late May or 
early June, and the larvae complete three stages feeding on the roots of com. Adult 
emergence begins in late June or early July and can extend through August. Western com 
rootworms begin emergence before northern com rootworms, and both species exhibit 
protandry (Ruppel et al. 1978, Branson 1987). 
The primary control tactics used against com rootworms in Iowa are crop rotation 
with a non-host crop or prophylactic treatment with a soil insecticide at planting. According 
to Turpi n et al. (1972), only 36% of the continuous (com planted after com) cornfields in 
Iowa contained economically damaging populations of com rootworms. A more recent study 
conducted by Gray et al. (1993) showed that 45% of the continuous cornfields in Illinois 
contained economically damaging populations of com rootworms. To reduce unnecessary 
applications of soil insecticide, adult sampling techniques that predict potential larval damage 
the following season have been developed (Steffey et al. 1982, Hein and Tollefson 1984, 
Hein and Tollefson 1985). These techniques also can be used to trigger insecticide 
applications targeted to prevent oviposition in single fields or multiple fields on an areawide 
basis (Meinke 1995, Tollefson 1998). However, adoption of adult management strategies 
has been limited in Iowa, possibly because of the additional cost for scouting required (Foster 
et al. 1986). Since adult emergence can extend into early September, accurate assessment of 
the beetle populations usually requires multiple visits to the field. Development of models 
that reliably predict beetle emergence would allow scouting to be focused on key periods, 
such as peak emergence, rather than over the entire season. 
Developing models that accurately predict adult emergence in the field has been 
difficult because many factors can interact with immature development. For example, 
delayed planting of corn increases larval mortality and delays the onset of adult emergence 
because larvae from early-hatching eggs starve (Musick et al. 1980, Bergman and Turpin 
1984). Models based on air temperature degree-day accumulations, with minimum 
developmental thresholds ranging from 11 to 16°C, have been poor predictors of adult 
emergence (Ruppel et al. 1978, Bergman and Turpin 1986, Hein et al. 1988). This is because 
many edaphic characteristics, such as thermal conductivity of the soil, soil type, and vertical 
distribution of eggs in the field all influence the accumulation of heat units by the immature 
stages (Bergman and Turpin 1986). 
Models based on either calendar date or soil degree-day accumulations, with a 
minimum developmental threshold of 11°C, have provided the best fit to emergence data 
collected in the field (Bergman and Turpin 1986, Hein et al 1988, Fisher et al. 1990). 
However, models based on calendar date often fail when environmental conditions differ 
from normal (Ruppel et al. 1978). Soil temperatures can vary widely in a field, even over 
small areas, and they can be cumbersome to use because few publicly accessible weather 
stations record them (Davis et al. 1996). 
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Davis et al. (1996) attempted to improve models based on air temperature by 
including a maximum developmental threshold of 18°C. Although this improved the fit of 
the models, studies conducted in the laboratory showed that com rootworm development was 
not hindered until temperatures were above 30°C (Jackson and Elliott 1988, Woodson and 
Jackson 1996). 
Ruppel et al. (1978) compared calendar date, air temperature degree-day 
accumulations, and days after the first beetle was captured for their reliability as indices of 
cumulative emergence for adult com rootworms. They concluded that days after the first 
beetle was captured provided the most accurate index for projecting emergence, but no 
models forecasting emergence were developed. The objective of this study was to develop 
and validate species- and sex-specific models that reliably predicted adult com rootworm 
emergence in Iowa. The models were based on air temperature degree-day accumulations 
beginning the day the first beetle was captured in a field (biofix). First beetle emergence was 
incorporated as a biofix because the accuracy of degree-day models has been shown to be 
significantly enhanced when relevant biofixes that correspond to predictable biological 
events are used (Welch et al. 1981). 
Materials and Methods 
Sampling. Northern and western com rootworm adult emergence was monitored in 
78 continuous cornfields across Iowa in 1992, 1993, and 1997—2000. The number of fields 
monitored each year and locations, by county, are listed in Table 1. Conventional tillage 
methods were used in all fields. Row spacing was 76 cm in 67 fields, and 96.5 cm in 11 
fields. All but three fields were either not treated with a soil insecticide, or had untreated 
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check strips available. All other agronomic practices were applied at the discretion of each 
grower and were typical of Iowa field com production. 
Thirteen emergence cages, each covering an area of soil 76 x 43 cm, were placed in 
the untreated portion of each field. The cages were similar to those designed by Hein et al. 
(1985), but had a zipper sewn into one side of the screen to aid in collection of the beetles. 
Six cages were placed in one row of com and seven cages in another. The first cage in each 
row was placed at least 30 paces in from the field edge. If turn-rows were planted on the 
field margins, the first cage in each row was placed at least 30 paces into the field from the 
innermost turn-row. Rows containing cages were separated by 4 to 50 rows, and cages 
within each row were spaced 25 to 75 paces apart, both depending on size of the untreated 
area. 
Placement of each cage required the cutting of three consecutive com plants near the 
soil line. The outside two plants were carefully removed with a shovel and the cage placed 
over the center plant so it extended from row-center to row-center. The base of each cage 
was sealed with loose soil. Beetles were captured in a 0.47 liter paper cup that was coated on 
the inside with Tangle-Trap Insect Trap Coating (The Tanglefoot Company, Grand Rapids, 
MI 49504), positioned at the top of a wooden stake in the center of each cage. The bottom of 
each cup was slotted to facilitate placement over the stake. Thirteen emergence cages per 
field provided an estimate of the com rootworm population, with a standard error within 25% 
of the mean (Hein et al. 1985). 
Biofix Determination. Emergence cages were monitored at two- or three-day 
intervals after placement to determine the biofix, or date of first beetle emergence. The 
biofix for each field was recorded as the date midway between cage placement and when the 
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first beetle of either sex or species was observed in an emergence cup. After the biofix was 
determined, cups were changed at least weekly, and the total number of beetles captured in 
the 13 cages was recorded, by species and sex. Emergence was completed in all fields by 
late August or early September. 
A second method for determining the biofix was tested in a total of 40 cornfields in 
1999 and 2000 using the Pherocon® CRW Trap (Trecé, Inc. Salinas, CA 93907). These are 
kairomone traps that contain 4-methoxycinnamaldehyde and eugenol as primary components 
in the lure. Trecé lures #8391 and #8275 were used in 1999 and 2000, respectively. In each 
field, a single Pherocon CRW Trap was hung one meter above the ground from a wooden 
stake. The trap was placed 30 paces into the field between two rows of com and centered 
between each row of emergence cages. The Pherocon CRW Traps were checked for beetles 
on the same dates as the emergence cages in each field. Biofixes between the Pherocon 
CRW Traps and emergence cages were compared with analyses of variance. 
Development of Models. Data collected in 1992, 1993, 1997, 1998, and 2000 were 
combined to develop five adult emergence models. Models were developed for northern and 
western com rootworm males, and females, and for total beetle emergence combined across 
both species and sexes. Within each model, fields with less than five beetles emerging 
during the growing season were removed from each respective data set. In these fields, 
where com rootworm populations were extremely low, the data points were either clumped 
together very early or very late and did not create a representative curve across the entire 
emergence period. The northern com rootworm male and female models used data from 34 
and 45 fields, respectively. The western com rootworm male and female models used data 
from 47 and 57 fields, respectively. All 57 fields were used to develop the model for total 
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beetle emergence. 
Emergence in each field was then expressed as a cumulative proportion of total 
emergence in Centigrade air temperature degree-days, accumulated from the biofix of 
emergence cages. Air temperature degree-day accumulations after the biofix were calculated 
for each field using the sine-wave method described by Allen (1976). Minimum and 
maximum developmental thresholds were set at 11.7°C and 35°C, respectively (Kuhlman et 
al.1970, Jackson and Elliott 1988). 
Scatter plots of these data showed that com rootworm emergence followed a sigmoid 
curve, typical of insect development. However, the distribution was asymmetrical, with 
rapid emergence early and then tailing off slowly near the end of the emergence period. A 
three-parameter Weibull function (equation 1) was fitted to each data set, where F(x) = the 
probability of emergence at Centigrade degree-days post-biofix (r), gamma (y) = the lag in 
the onset of emergence, eta (r|) = an emergence rate constant, and beta ((3) = a shape 
parameter. 
F(x) = 1 - exp(-[(x - y) / rj]p) (1) 
Wagner et al. (1984) also demonstrated that the Weibull function provided a useful 
description of insect populations with developmental curves similar to com rootworms. 
Values for each parameter were calculated with nonlinear regression using the DUD method 
in SAS (Proc NLIN, SAS Institute 1999). The NLIN procedure requires the user to provide 
the cumulative emergence data, degree-days, the function, and an initial range of values for 
each parameter. The program then tests values within each range at assigned increments 
using the Gauss iterative method to identify the best-fit value for each parameter. The NLIN 
procedure also calculates approximate 95% confidence limits for each parameter. 
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Coefficients of determination (/^-values) for each nonlinear regression model were 
determined with DataFit 7.0 (Oakdale Engineering, Oakdale, PA 15071). 
Validation of Models. Each model was validated with a separate data set collected 
in 1999 (Table 1). The data collected in 1999 were chosen to validate the models because 
emergence was monitored in a large number of fields in 1999, and locations were chosen 
from several different areas of the state to accurately assess the fidelity of the models under 
different environmental conditions. Fields also were removed from each validation data set 
if less than five beetles emerged during the growing season. Data from 17 and 19 fields were 
used to validate the northern com rootworm male and female models, respectively. The 
western com rootworm male and female models were validated with data from 20 and 21 
fields, respectively. All 21 fields in 1999 were used to validate the model for total beetle 
emergence. Emergence in each field was also expressed as a cumulative proportion of total 
emergence in Centigrade air temperature degree-days accumulated from the biofix detected 
with emergence cages. 
For each model, the degree-day accumulations from 1999 and the parameters for each 
model were inserted into the Weibull equation to calculate the predicted rate of emergence 
for 1999. The relationship between predicted and observed emergence in 1999 was 
determined with linear regression. Validation was achieved by comparing the slope and 
intercept values (± 95% confidence limits) between observed and predicted emergence in 
1999 and by calculating the coefficient of determination (R2) for the relationship. 
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Results 
A total of 19,921 corn rootworm beetles were captured in 78 cornfields over the six 
years of this study (Table 1). Western com rootworms were the predominant species, 
making up 82% of the total number of beetles that were captured. In most years, populations 
were also skewed towards females for both species. The mean ± SD number of beetles 
captured per field across all six years was 255 ± 216. 
Biofix Determination. The average biofix determined with 13 emergence cages per 
field for adult northern and western com rootworms was between 9 and 10 July over the six 
years of this study (Table 1). In four of six years, the average biofix occurred between 4 and 
5 July, with significant delays of 10 and 21 days in 1997 and 1993, respectively. 
In 1999 and 2000, a single Pherocon CRW Trap was placed in each of 40 fields to 
determine if they would be a suitable alternative to emergence cages for determining the 
biofix. There was a moderate, but significant correlation between biofix determined with 
emergence cages and the Pherocon CRW Trap (r = 0.45, P = 0.0032, n = 40). The average 
biofix determined with the Pherocon CRW Trap occurred 3.1 days earlier than with 
emergence cages in 1999 (F = 5.44, P = 0.0241, n = 48) (Table 2). In 2000, there was no 
significant difference in biofix between the two methods (F = 0.27, P = 0.6040, n = 32). 
Across both years, the average biofix determined with the Pherocon CRW Trap occurred two 
days earlier compared to emergence cages, and this difference was significant (F = 5.27, P = 
0.0244, n = 80). The Pherocon CRW Trap is probably more effective at determining the 
biofix compared to emergence cages because of the larger sphere of influence of the lure. 
Preliminary studies in Kansas showed the lure in a single Pherocon CRW Trap had an 
effective plume-radius of 30 m (personal communication, Wamsley and Wilde). This is 
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equivalent to an area of 0.29 ha and is much larger than the 4.3 m2 of soil covered by 13 
emergence cages. 
Development of Models. The Weibull equation for each model of com rootworm 
emergence and values for the three parameters (± 95% confidence limits) are shown in 
Table 3. Cumulative emergence curves for adult northern and western com rootworms 
occurred as expected, with westerns beginning to emerge before northerns, and females of 
both species emerging later than males (Fig. 1). Western com rootworm females began 
emerging 19 degree-days after western males, and northern com rootworm females began 
emerging 33 degree-days after northern males (Fig 1). The time between initiation of male 
and female emergence was somewhat shorter than other studies reported. In laboratory 
studies, Branson (1987) determined that western com rootworm females emerged a mean of 
4.7 days later than males. In our study, if an average of 12 Centigrade air degree-days were 
accumulated per day, western com rootworm female emergence would begin 1.6 days after 
western males. 
The Weibull function explained 80% of the variability between degree-days 
accumulated from the biofix and cumulative percentage emergence for western com 
rootworm males (Fig. 2). Western com rootworm male emergence peaked (50% emergence) 
118 degree-days post-biofix, was 90% complete after 278 degree-days, and reached 100% 
505 degree-days post-biofix (Table 4). 
The Weibull function explained 79% of the variability between degree-days 
accumulated from the biofix and cumulative percentage emergence for northern com 
rootworm males (Fig. 2). Northern com rootworm male emergence peaked (50% 
emergence) 169 degree-days post-biofix, was 90% complete after 348 degree-days, and 
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reached 100% 570 degree-days post-biofix (Table 4). 
The Weibull function explained 83% of the variability between degree-days 
accumulated from the biofix and cumulative percentage emergence for western com 
rootworm females (Fig. 2). Western com rootworm female emergence peaked (50% 
emergence) 245 degree-days post-biofix, was 90% complete after 429 degree-days, and 
reached 100% 629 degree-days post-biofix (Table 4). 
The Weibull function explained 78% of the variability between degree-days 
accumulated from the biofix and cumulative percentage emergence for northern com 
rootworm females (Fig. 2). Northern com rootworm female emergence peaked (50% 
emergence) 268 degree-days post-biofix, was 90% complete after 449 degree-days, and 
reached 100% 643 degree-days post-biofix (Table 4). Small sample sizes for northern com 
rootworms probably contributed to greater variability in the models, indicated by lower 
coefficients of determination (Table 3) and wider confidence intervals (Table 4), compared to 
the western com rootworm models. 
A model predicting total beetle emergence combined across both species was also 
developed because, in Iowa, most continuous-corn producers manage both species as one 
pest complex. The Weibull function explained 85% of the variability between degree-days 
accumulated from the biofix and cumulative percentage emergence for total beetles (Fig. 2). 
Total beetle emergence peaked (50% emergence) 211 degree-days post-biofix, was 90% 
complete after 411 degree-days, and reached 100% 640 degree-days post biofix (Table 4). If 
an average of 12 Centigrade air degree-days were accumulated per day, total beetle 
emergence would peak 18 days (± 9 days) post-biofix, and would be completed 
approximately 53 days post-biofix. The period for total beetle emergence was very similar to 
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what others have reported in the literature. Fisher (1984) demonstrated that western com 
rootworm adult emergence lasted approximately 50 days in South Dakota. In a three-year 
study conducted by Ruppel et al. (1978) in Michigan, western com rootworm emergence was 
100% complete 58 days after the first beetle was captured in a field. 
Validation of Models. Initially, each model was visually evaluated by plotting the 
predicted rate of emergence for 1999 with emergence observed in 1999 (Fig. 3). The models 
for western com rootworm males and females, and for total beetle emergence effectively 
explained emergence in 1999, with cumulative emergence observed in most fields falling 
within the 95% confidence limits of the models (Fig. 3). Northern com rootworm male and 
female emergence in 1999 were more variable. Much of this variability can be attributed to 
emergence that was significantly delayed at one location (shown with open circles) near 
Calumet, Iowa (Fig. 3). The delay is probably not explained by unusual environmental 
conditions because western com rootworm emergence at the same location occurred well 
within the 95% confidence limits of the models (Fig. 3). Delayed northern com rootworm 
emergence at the location near Calumet could be related to individuals in the population 
exhibiting extended diapause. With extended diapause, a small proportion of the northern 
com rootworm population remains dormant as eggs in the soil for two or more seasons 
before hatching (Krysan et al. 1984). Problems associated with extended diapause have 
become more frequent over the past 10 years in northwest Iowa (Rice and Tollefson 1999), 
and in 1999, northern com rootworms were collected in emergence cages from a plot of first-
year com directly adjacent to the plot used in this study. This hypothesis is difficult to 
confirm, however, because no studies comparing emergence rates between normal 
populations of northern com rootworms and populations exhibiting extended diapause have 
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been conducted. 
Linear regression was used to more closely examine the relationship between 
predicted and observed emergence in 1999. If the relationship between predicted and 
observed emergence in 1999 was perfect, the slope and coefficient of determination for the 
relationship would equal one and the intercept would equal zero. The models for western 
com rootworm males, females, and for total beetle emergence did accurately predict 
emergence in 1999 because the 95% confidence limits for the slopes and intercepts 
overlapped one and zero, respectively (Table 5). These models also explained between 89% 
and 91% of the variability in emergence observed in 1999 (Table 5). 
The models for northern com rootworm males and females were not as accurate at 
predicting emergence in 1999. Both slopes were significantly less than one, and the 
intercepts were significantly different from zero (Table 5). The models for northern corn 
rootworm males and females only explained 76 and 78% of the variability in emergence 
observed in 1999 (Table 5). If the data from Calumet are removed, the coefficients of 
determination improve to 0.80 and 0.81 for northern com rootworm males and females, 
respectively. Low northern com rootworm populations in the fields monitored during all 
years of this study probably increased variability, and reduced the accuracy of the models at 
predicting northern com rootworm emergence in 1999. 
The model for total beetle emergence predicted that 10, 50, and 90% emergence 
should occur at 63, 211, and 411 Centigrade air degree-days post-biofix, respectively (Table 
4). Total beetle emergence observed in 1999 occurred well within the 95% confidence limits 
of the model, with 10, 50, and 90% emergence occurring at 66, 185, and 403 Centigrade air 
degree-days post-biofix, respectively. 
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Discussion 
These models should offer an improvement over previous models based on air 
temperature accumulations because of the inclusion of a biofix. Since the models begin 
predicting emergence on the day the first beetle is captured in a field, much of the variability 
that affects when emergence begins between years and between locations within a year can 
be eliminated from the models. Factors affecting initiation of emergence that are eliminated 
by using the biofix are the planting date of com (Musick et al. 1980, Bergman and Turpin 
1984) and factors that affect heat-unit accumulation by the immature stages such as soil type, 
soil moisture, and vertical distribution of the eggs in the soil (Bergman and Turpin 1986). 
Data for these models were also collected across a large number of environments, so they 
should be fairly robust at predicting emergence for most regions of Iowa. 
The fits of our models are either improved, or comparable to previous air temperature 
models developed in the literature. Bergman and Turpin (1986) monitored adult com 
rootworm emergence at one location over four years and developed models predicting adult 
com rootworm emergence with linear regression. These models were also based on air 
temperature degree-day accumulations (base 16°C), but were judged to have little utility, 
explaining between 35 and 60% of the variability at 50% emergence for northern and western 
corn rootworm males and females, respectively. Davis et al. (1996) monitored com 
rootworm emergence in a total of 11 fields over 3 years and used logistic regression to 
develop curvilinear prediction models. These models used air temperature degree-day 
accumulations, with minimum and maximum developmental thresholds of 11 and 18°C and 
explained 78 and 82% of the variability in northern and western corn rootworm cumulative 
emergence, respectively. Although these /^-values are comparable to our models, the 
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models developed by Davis et al. (1996) could not be validated at locations outside the 
region from where they were developed without first expressing degree-days as a proportion 
of the 20- to 30-year average accumulations from 1 January to 30 September for a given 
location. 
In summary, the Weibull function provided a good description of adult com 
rootworm emergence in Iowa. Northern corn rootworm emergence was more variable 
compared to western com rootworm emergence, however, northern com rootworm 
populations were much lower compared to western com rootworms in the fields monitored 
during this study. Incorporation of the biofix improved prediction models based on air 
temperature degree-day accumulations by eliminating much of the variability that determines 
when emergence begins. Degree-days post-biofix explained 85% of the variability in total 
com rootworm emergence over five years. The model for total com rootworm emergence 
explained 89% of the variability in total beetle emergence observed in the validation year of 
1999. The peak for total beetle emergence occurred 211 degree-days post-biofix, which is 
equivalent to 18 days (± 9 days) post-biofix if an average of 12 Centigrade degree-days are 
accumulated per day. 
The Pherocon CRW Trap was highly efficient at determining the biofix, capturing the 
first beetle an average of two days earlier than emergence cages. In late June, growers could 
place sentinel Pherocon CRW Traps in their fields, obtain the biofix, and use the model to 
help time scouting activities in their fields. These models do not eliminate scouting for adult 
com rootworms, but they should improve the scouting efficiency by allowing growers to 
focus scouting to key periods, such as- peak beetle emergence, when populations should be at 
their maximum in the field. 
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Table 1. Summary of data collected in 78 Iowa continuous cornfields used to develop and validate models 
predicting adult corn rootworm emergence. 
Year" Locations'' Counties 
Mean biofix 
± SD in daysr NCR 
male 
Percentage' 
NCR WCR 
female male 
WCR 
female 
Total 
beetles 
1992 9 Dallas, Franklin, Story July 4 ± 2.2 a 18 12 30 40 3,414 
1993 8 Dallas, Franklin, Story July 26 ± 5.2 c 12 17 19 52 1,256 
1997 9 Clinton, Linn, Story July 15 ± 5.7 b 11 7 33 49 2,810 
1998 15 Clinton July 4 ±2.4 a 4 5 31 60 3,532 
1999 21 Clinton, Linn, O'Brien, Story, Polk July 5 ±3.1 a 6 7 40 47 6,656 
2000 16 Clinton July 5 ± 4.8 a 2 7 16 75 2,253 
"Data from 1992,1993,1997,1998, and 2000 combined to develop models. Models validated with data from 1999. 
b Number of fields monitored in each year. Each field contained 13 emergence cages. 
f Mean biofix detected with emergence cages. Means followed by same letter not significantly different (GLM, PDIFF, 
P<0.01). 
d Proportion of total beetles that were northern (NCR) and western (WCR) corn rootworm males and females. 
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Table 2. Comparison of the mean ± SD Julian dates of biofix (date first corn 
rootworm beetle captured) between emergence cages and the Pherocon® CRW Trap in 
1999,2000, and combined across both years. 
Mean ± SD Julian date of biofix" 
Year nb Emergence cages Pherocon CRW Trap 
1999 24 187.7 ± 3.73 a 184.6 ± 5.19 b 
2000 16 186.3 ±4.24 a 185.8 ±0.68 a 
Combined 40 187.1 ±3.94 a 185.1 ± 4.05 b 
a Within rows, means followed by the same letter are not significantly different (Fisher's 
protected LSD, P < 0.05). 
b Number of cornfields the two biofix determination methods were compared in. In each 
field there were 13 single-plant emergence cages and a single Pherocon CRW Trap. 
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Table 3. Weibull equations of the form Y = 1 - exp (-[(X - y)/T|] e) where r\, (3, 
and y are model coefficients ± 95% confidence limits, X is Centigrade air degree-days 
accumulated from the biofix, and Y is cumulative percentage emergence for adult 
northern (NCR) and western (WCR) corn rootworm males and females, and adults 
combined across both species (Total beetle). 
Model n° ri* Pc fl2 P 
NCR male 252 216.8 ± 60.00 1.71 ± 0.560 -5.65 ± 53.847 0.79 <0.0001 
NCR female 352 309.3 ± 110.60 2.30 ± 0.994 4.28 ± 105.877 0.78 <0.0001 
WCR male 285 149.5 ± 33.60 1.38 ±0.373 3.74 ± 27.698 0.80 <0.0001 
WCR female 468 308.0 ± 79.50 2.26 ± 0.694 -16.50 ± 75.583 0.83 <0.0001 
Total beetle 474 290.7 ± 59.70 2.00 ± 0.488 -31.06 ± 55.630 0.85 <0.0001 
a Number of observations in each model. 
b Eta (r|) = parameter controlling the rate of emergence. 
c Beta ((3) = parameter controlling overall shape of the emergence curve. 
d Gamma (y) = parameter controlling the lag in the onset of emergence. 
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Fig 1. Cumulative percentage emergence of adult male and female northern (NCR) 
and western (WCR) corn rootworms in Centigrade air degree-days accumulated from the 
biofix determined with emergence cages. 
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Fig. 2. Predicted emergence (black line) ±95% confidence limits (gray lines) fit with 
Weibull function for adult male and female western (WCR) and northern (NCR) com 
rootworms, and total beetle emergence combined across both species (Total beetle) in 
Centigrade air degree-days accumulated from the biofix determined with emergence cages. 
Table 4. Degree-day model predictions, ±95% confidence limits (CL), for 10,50, and 90% emergence of adult 
northern (NCR) and western (WCR) males and females, and total beetle emergence combined across both species. 
Model 
CDD" at 
10% 
emergence 
95% CL CDD at 
50% 
emergence 
95% CL CDD at 
90% 
emergnce 
95% CL 
Lower Upper Lower Upper Lower Upper 
NCR male 52 0 151 169 55 283 348 266 447 
NCR female 120 0 322 268 49 486 449 275 651 
WCR male 33 0 83 118 57 180 278 242 326 
WCR female 97 0 240 245 89 402 429 298 573 
Total beetle 63 0 167 211 95 327 411 315 515 
" Centigrade degree-days (CDD) accumulated from the emergence cage biofix. 
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Fig. 3. Predicted adult emergence (black line) ±95% confidence intervals (gray 
lines) and observed emergence (points) for male and female northern (NCR) and western 
(WCR) com rootworms, and total beetle emergence combined across both species, for the 
model validation year of 1999. Expressed as Centigrade air degree-days accumulated from 
the biofix determined with emergence cages. Open circles represent data from one field near 
Calumet, IA. 
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Table 5. Linear relationship between predicted and observed emergence in 1999 
for adult northern (NCR) and western (WCR) com rootworm males and females, and 
total beetles combined across both species (Total beetle). 
Model na Slope ± 95% CLb Intercept ±95% CL tf2 P 
NCR male 128 0.91 ±0.091 0.07 ±0.062 0.76 <0.0001 
NCR female 184 0.89 ±0.069 0.08 ±0.046 0.78 <0.0001 
WCR male 124 1.00 ±0.058 0.00 ± 0.045 0.91 <0.0001 
WCR female 213 0.98 ± 0.046 0.01 ±0.033 0.89 <0.0001 
Total beetle 218 0.98 ± 0.047 0.03 ±0.035 0.89 <0.0001 
a Number of observations in each model. 
b Confidence limits (95%). 
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CHAPTER 4. USING OVARIAN DEVELOPMENT TO IMPROVE SCOUTING FOR 
ADULT CORN ROOTWORMS (COLEOPTERA: CHRYSOMELIDAE) 
A paper to be submitted to the Journal of the Kansas Entomological Society 
Timothy M. Nowatzki 
Abstract 
Sampling adult northern and western corn rootworms, Diabrotica barberi Smith and 
Lawrence and D. virgifera virgifera LeConte, respectively, is recommended so either 
insecticides targeted to adults can be accurately timed to prevent oviposition, or so potential 
larval injury the following season can be predicted. However, adult sampling has not been 
widely adopted in Iowa, possibly because scouting costs are prohibitive. Restricting 
sampling to the most critical time could reduce these. The first objective was to determine 
the rate at which beetles develop eggs in Centigrade degree-days accumulated from first 
beetle emergence (biofix). The second objective was to determine if root injury the 
following season could be reliably predicted by using the proportion of females that were 
gravid during the season. Field populations were sampled weekly from a total of 38 
continuous cornfields in Iowa over five years. On each sampling date, beetle populations 
were estimated in the field, and females were dissected to determine gravidity. Root injury 
ratings were obtained from the fields the following season. The first gravid females were 
detected 64 degree-days post-biofix, and beetle populations counted on plants peaked in all 
fields by 400 degree-days post-biofix. Based on beetle emergence, population estimates 
taken on plants, and female ovarian development, the period from 120-400 degree-days post-
biofix was the optimum window for adult com rootworm scouting in Iowa. The proportion 
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of females that were gravid only explained 27% of the variability in root injury the following 
season. This indicated that accounting for the proportion of females that were gravid during 
the season did not improve the utility of beetle population estimates as predictors of root 
injury the following season. 
Introduction 
Northern com rootworms, Diabrotica barberi Smith and Lawrence, and western com 
rootworms, Diabrotica virgifera virgifera LeConte, are perennial insect pests of com, Zea 
mays L„ across the Com Belt. Damage is most severe from these pests when com is grown 
in the same field for successive years (continuous com). Both species are univoltine and 
overwinter as eggs, typically in the soil of the cornfield. The larvae are the most damaging, 
completing three stages while feeding on the roots of com. Larval feeding on the roots can 
significantly reduce grain yield by limiting water and nutrient uptake and by weakening the 
plant, increasing its susceptibility to lodging (Levine and Oloumi-Sadeghi 1991). 
The primary control tactics used to prevent com rootworm injury in Iowa are crop 
rotation with a non-host crop or prophylactic treatment with a soil insecticide at planting. 
Turpin (1977) reported that in Indiana 93% of the soil insecticide applications were made 
with little or no knowledge of the com rootworm populations contained in the fields. This 
level of routine treatment for com rootworms was occurring, even though studies conducted 
in Iowa and Illinois determined that less than 50% of the continuous cornfields actually 
contained economically damaging populations (Turpin et al. 1972, Gray et al. 1993). 
Adult sampling is recommended so that either potential larval injury the following 
season can be predicted or that insecticides targeted at adults during the season can be 
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accurately timed to reduce oviposition. Adult sampling is more cost-effective, and more 
accurate at predicting subsequent root injury compared to egg sampling (Tollefson 1990). 
Larval sampling offers little utility for management of corn rootworms because sampling 
costs are high and the time available to intervene with a management tactic to prevent root 
injury is short (Bergman et al. 1981, Weiss and Mayo 1983). 
Steffey et al. (1982) developed a sampling plan for adult com rootworms based on 
counting the number of beetles per plant at several locations within a field. In continuous 
cornfields, economic damage the following year is expected if beetle counts on a sampling 
date average one beetle per plant or greater (Pruess et al. 1974, Stamm et al. 1985). Even 
though adult sampling has been shown to reduce the number of fields treated with a soil 
insecticide by 62% (Stamm et al. 1985), adoption of adult sampling has been limited in Iowa. 
The risk associated with using adult population estimates to determine the need for a 
soil insecticide the following year could be one reason limiting the adoption of adult 
sampling. Adult population estimates have only explained between 17 and 26% of the 
variability in root injury the following season (Godfrey and Turpin 1983, Foster et al. 1986, 
Hein and Tollefson 1985, Tollefson 1990). Foster et al. (1986) determined that adult 
population estimates accurately predicted when root injury would exceed the damage-
threshold 83% of the time. However, the authors' conclusion was to always treat with a soil 
insecticide and never sample beetle populations. This was because adult population 
estimates did not accurately predict when root injury below the damage-threshold was 
expected. The authors did state that their recommendation could change if the ability to 
predict when subeconomic damage would occur was improved, or if the cost of sampling 
was reduced. The relationship between adult population estimates and root injury might be 
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improved if the proportion of females that were gravid during the season were incorporated 
into the economic threshold. This is because females that are actively ovipositing in the field 
during the season essentially create the damage potential to next year's com crop. 
Management of adult com rootworm populations with insecticides targeted to reduce 
oviposition during the season also has not been widely practiced in Iowa. One possible 
explanation for the lack of adoption is the cost of scouting. Multiple scouting visits are 
usually required to obtain accurate population estimates because adults can be present in the 
field from early July until the first killing frost in fall (Branson and Johnson 1973). Also, 
because of the additional cost of scouting, only a single application of an insecticide for adult 
control is cost-effective, compared to an application of soil insecticide (Tollefson 1998). In 
the previous paper (Chapter 3), models predicting adult com rootworm emergence were 
developed to improve the scouting efficiency in adult management. The models were based 
on degree-day accumulations from the first date a beetle was captured in a field (biofix). 
However, to identify the optimum time for scouting, it is also important to know when egg 
laying begins in a field (Tollefson 1998). 
The first objective of this study was to determine the rate at which gravid beetles 
develop measured in degree-days accumulated from the date of first beetle emergence 
(biofix). Incorporating when gravid beetles appear in relation to the biofix and rate of 
emergence should help identify the optimum sampling time. The second objective was to 
determine if the relationship between adult population estimates and root injury the following 
season could be improved by accounting for the proportion of females that were gravid 
during the season. 
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Materials and Methods 
Field Information. Northern and western com rootworm beetle populations were 
sampled in a total of 38 continuous cornfields in Iowa in 1992, 1993, and 1997-1999. The 
number of fields monitored each year and locations by county are listed in Table 1. None of 
the fields in 1992 or 1993 had insecticide applied during the season for beetle control. In 
1997, four fields had one application of Slam® (Micro Flo Company, Memphis, TN 38117), 
which is a semiochemical bait that combines a powdered cucurbit (buffalo gourd [Cucurbita 
foetidissima H.B.K.] powder, 87%) as a feeding stimulant with a low dose (13%) of carbaryl 
insecticide for beetle control (Tollefson 1998). Two of these fields were treated a second 
time later in the season. In 1998, three fields had a single application of Slam. In 1999, four 
fields were treated once with Slam, and three of these fields were treated a second time later 
in the season. Mean dates the Slam treatments were applied are shown in Table 2. 
Conventional tillage methods were used in all fields. Row spacing was 76 cm in 35 fields, 
and 96.5 cm in three fields. All other agronomic practices were applied at the discretion of 
each grower and were typical of Iowa field com production. 
Beetle Sampling. Thirteen emergence cages, each covering an area of soil 76 x 43 
cm, were placed in each field in late June. The emergence cages were similar to those 
designed by Hein et al. (1985). Emergence cages were monitored at two or three day 
intervals after placement to determine the biofix. The biofix for each field was recorded as 
the date midway between cage placement and when the first beetle of either sex or species 
was observed in an emergence cup. 
After the biofix, northern and western com rootworm beetle populations were 
monitored at least weekly via whole-plant counts (Steffey et al. 1982). Beetles were counted 
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on two plants at 27 locations in each field. This method of sampling provided an estimate of 
the beetle density with a standard error within 30% of the mean (Steffey et al. 1982). 
Sampling usually began during early July and continued for approximately eight to ten 
weeks. The mean number of sampling dates, averaged across fields in each year, is shown in 
Table 3. In 1997, beetle population estimates on plants were only obtained from the four 
fields treated with Slam. 
Corn Growth Stage. Com growth stages on each sampling date were recorded using 
the phenology scale published by Ritchie et al. (1997). In 1992, 1993, and 1997, the growth 
stage of 20 randomly selected plants was recorded. In 1998 and 1999, the percentage of 
plants in growth stage R1 (silking) was recorded for five randomly selected groups of 10 
consecutive plants in a row. This change was incorporated to obtain a more accurate 
estimate of when silking occurred in each field. 
Beetle Collections. On each sample date, beetles were hand-collected from the 
leaves and silks of com plants at several locations in each field. The collection device was a 
one-liter Nalgene® (Nalge Nunc International, Rochester, NY 14625) bottle that was 
modified by inserting a 10 cm Nalgene funnel through a hole in the lid and attaching it with 
epoxy. The bottom of the bottle was also removed and replaced with aluminum (7 x 5.5 cm) 
mesh for ventilation. Beetles were captured by holding the collection device below the plant-
part containing the beetle, disturbing the plant, and allowing the beetle to fall into the funnel 
as it attempted to escape to the ground. In 1992 and 1993, a total of 30 northern com 
rootworms and 30 western com rootworms were collected on each sampling date. In 1997-
1999, 100 beetles were collected on each sampling date. Early and late in the season, beetle 
populations in some fields were too low to collect 100 beetles, so the total number of beetles 
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collected by two people in 30 minutes was used as the sample. Beetles were killed 
immediately after collection by transferring them into a 20-dram pill vial containing 70% 
ethyl alcohol. Samples were returned to the lab and the total number of northern and western 
com rootworm males and females counted to obtain species- and sex-ratios. 
Beetle Dissections. In 1992 and 1993, all northern and western com rootworm 
females from each hand-collected sample were dissected to examine ovarian development. 
In 1997-1999, 20 females of each species were randomly selected from each sample and 
dissected to examine ovarian development. Each female was laid, ventral side up, in a wax-
filled petri dish and secured by pinning it to the dish through the thorax. Under a dissecting 
microscope, a small incision was made laterally along the entire length of the abdomen. The 
ovaries were then carefully teased from the abdominal cavity and their development rated on 
a 1-4 scale, similar to that developed by Cinereski and Chiang (1968). An ovarian rating of 
one was given to immature ovaries with no egg development visible in the ovarioles (Fig. 
1 A). Stage two ovaries had eggs that were starting to develop, but the eggs occupied less 
than half the ovarioles (Fig. IB). Stage three ovaries had eggs that occupied more than half 
of the ovarioles (Fig. 1C). Stage four ovaries contained fully developed eggs with 
sculpturing clearly visible on the egg chorion (Fig ID). Hill (1975) determined that females 
with ovary development ratings of 4 were actively ovipositing at the time of collection. 
However, he also determined that females with ovary ratings of 3.5 could have initiated 
oviposition because sculpturing was visible on the most developed eggs at this time. Half-
ratings were not given in this study, so females with an ovary rating of 3 or 4 were 
considered gravid. 
Root Sampling. The following year, one area in each field was not treated with a 
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soil insecticide at planting. These untreated areas ranged in size from 8 to 50 rows in width 
and extended the entire length of the field. In July, com roots were randomly selected and 
dug from each field's untreated area and rated for larval feeding injury on the Iowa 1-6 scale 
(Hills and Peters 1971). In 1992 and 1993, 15 roots were sampled per field. In 1997-1999, 
12 roots were sampled per field. Root injury ratings were obtained from a total of 24 fields 
across years (Table 1). Root ratings could not be obtained the following season from 14 
fields because the producers rotated them out of com production. 
Analysis. Air temperature degree-day accumulations from the biofix were calculated 
for each field using the sine-wave method described by Allen (1976). Minimum and 
maximum developmental thresholds were 11.7 and 35° C, respectively (Kuhlman et al. 1970, 
Jackson and Elliott 1988). 
Female ovarian development and beetle population estimates were analyzed using 
only data from fields not treated with Slam. Ovarian development ratings and beetle counts 
for northern and western com rootworms were combined because, in Iowa, most growers 
manage both species as one pest complex. Field means for total beetles per plant and for the 
percentage of females that were gravid were calculated on each sampling date. The number 
of females per plant and the number of gravid females per plant were then calculated. Data 
from fields within a year were combined to develop frequency distributions of the percentage 
of gravid females, total beetles per plant, females per plant, and gravid females per plant with 
100 degree-day class intervals post-biofix. Frequency distributions for each variable, 
combined across all years, also were developed. 
To determine the rate of gravidity, data from all fields was combined, and the 
percentage of gravid females that were collected expressed as a cumulative proportion of 
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total gravidity in degree-days accumulated from the biofix. Linear regression was used to 
explain the relationship between degree-days post-biofix and the cumulative rate of gravidity. 
The four fields treated with Slam in 1997 were used to determine the rate at which 
gravid females developed, in degree-days, post-treatment. Since two of the four fields were 
treated twice, only the time period between the first and second treatment dates were 
examined. The fields in 1997 were chosen for the analysis because they were sampled 
almost daily for 12 days after the Slam was applied. Also, these fields were located within 8 
km of each other, and were initially treated within a 7-day period. The percentage of gravid 
females that were collected post-treatment was expressed as a cumulative proportion of total 
gravidity in degree-days accumulated from the treatment date. Data from the four fields 
were combined, and linear regression used to determine the rate of gravidity observed post-
treatment. 
The second objective was to determine if the relationship between beetle counts and 
root injury the following season could be improved by accounting for the proportion of 
females that were gravid. All 24 fields that had root injury ratings the following season were 
used for this objective, including those treated with Slam. For each field, a line graph 
plotting the number of gravid females per plant, in degree-days post-biofix, was created in a 
spreadsheet. A function in the spreadsheet was then developed to calculate the total area 
under the curve. The function operated by simply dividing the area under the curve into a 
series of triangles, calculating each triangle's area, and then totaling the area of all the 
triangles to obtain the total area under the curve. The area under the curve was designated as 
the gravid-female index for the field. The mean root injury rating from each field was then 
regressed on its respective gravid-female index to determine the relationship between gravid-
82 
female degree-days and root injury. 
Results 
The average biofix detected with 13 emergence cages per field for adult com 
rootworms was between 10 and 11 July over the five years of this study (Table 1). In three 
of five years, the average biofix occurred between 4 and 5 July, with significant delays of 10 
and 21 days in 1997 and 1993, respectively. 
Beetle populations were sampled at least weekly for an average of eight weeks post-
biofix across all years of the study (Table 3). The number of sampling dates was greater in 
1997 because several fields were sampled twice per week, and four fields were sampled 
almost daily during the period when beetle populations were at their maximum. A total of 
7,900 com rootworm females were dissected over the course of this study. Of these, 2,701 
were northern com rootworms, and 5,199 were western com rootworms (Table 3). An 
average of 7.8 ±3.9 and 16.4 ±3.4 northern and western com rootworm females, 
respectively, were dissected per sampling date (Table 3). Western com rootworms were the 
predominant species in the fields that were sampled. 
The growth stage of the com plants in each field was recorded because quality of 
food in the field has been shown to influence the reproductive biology and survival of com 
rootworms (Elliott et al. 1990). Also, late maturing fields can be highly attractive to 
emigrating beetles late in the season. Across all years, silking was 10% complete 35 degree-
days post-biofix, peaked (50%) approximately 168 degree-days post-biofix, and reached 
100% 335 degree-days post biofix (Fig. 2). However, variability in silking between fields 
was high, with degree-days post-biofix only explaining 56% of the variability in cumulative 
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silking rate. 
The mean percentage of females that were gravid, across fields, within each year, is 
shown in Fig. 3. Gravid females were detected in three of five years within 100 degree-days 
post-biofix. In 1998 and 1999, initial samples within 100 degree-days of the biofix were 
only obtained in one field, indicating that the first gravid females were probably missed (Fig. 
3D and 3E). No observable peak in the percentage of females that were gravid occurred 
during the season. After the initial gravid females were detected, the percentage of gravid 
females generally hovered between 40 and 45% for most of the season when the data from all 
years were combined (Fig. 3F). 
One reason why no distinct peak for gravid females was detected could relate to the 
reproductive biology of com rootworms. Female com rootworms mate soon after 
emergence, and generally only require a single mating to produce viable eggs for the entire 
season (Branson and Johnson 1973, Hill 1975). The female then has a preovipositional 
period of 12 to 14 days during which she must feed so egg development can begin (Short and 
Hill 1972, Branson and Johnson 1973, Hill 1975). Once oviposition begins, female com 
rootworms lay an average of 13.5 clutches of eggs over their lifetime, with three to eight days 
elapsing between clutches (Hill 1975). Because egg development and oviposition in 
individual females is cyclical, detecting a peak in the percentage of females that are gravid is 
probably difficult after oviposition begins in the population. 
Some variability in the percentage of females that were gravid might also relate to the 
beetle collection method used. Although samples were taken from several locations across 
the field, beetles were only collected from the leaves and silks of the com plants. Females 
could have been overlooked if they were either searching for an oviposition site on the 
ground or were actively ovipositing under the soil surface at the time of collection. This 
could also indicate that we underestimated the proportion of females that were gravid. 
According to Ball (1971), maximum oviposition for western com rootworm females occurred 
between 0800 and 1200 hr. Since most of our beetle collections were made during mid-day, 
between 1000 and 1600 hr, most females should have been present in the com canopy. 
Degree-days post-biofix explained 72% of the variability in the cumulative 
percentage of gravid females that were collected, combined across all years (Fig. 4). The 
model predicts that gravid females should begin appearance in fields 64 degree-days post-
biofix. Current recommendations used in Iowa for timing insecticide applications to reduce 
egg laying are to wait until the economic threshold of one beetle per plant is reached and at 
least 10% of the females are gravid in a field (Tollefson 1998). Applying this standard to our 
model, 10% of the females would be expected to be gravid 117 degree-days post-biofix. 
This would be equivalent to approximately 10 days post-biofix, if an average of 12 degree-
days were accumulated per day. 
Degree-days post-treatment with Slam explained 79% of the variability in the 
cumulative percentage of gravid females that were collected (Fig. 5). The model predicts 
that gravid females would begin reappearing in fields immediately post-treatment. 
Comparison of beetle population estimates taken the day before the treatment was applied 
and the day following treatment showed that beetle populations were reduced by an average 
of 73 ± 18.5%. This indicates that approximately 25% of the beetles were still present in the 
field from before the treatment was applied and probably explains why gravid females were 
detected so quickly. Since Slam is a semiochemical bait that requires ingestion by the beetle 
for activation (Tollefson 1998), more than one day post-treatment may be necessary for the 
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entire population to be killed. 
All but seven of the fields sampled contained beetle populations that reached the 
economic threshold of one beetle per plant or greater during the season. Total beetles per 
plant peaked within fields by 400 degree-days post-biofix (Fig. 6). If this point is compared 
to the model predicting total beetle emergence developed in the previous paper (Chapter 3), 
400 degree-days post-biofix correlates to when emergence was 89% complete. Between 0 
and 300 degree-days post-biofix, populations contained in the fields were generally skewed 
towards males (Fig 6). After 300 degree-days post-biofix, the proportion of females 
gradually increased, making up nearly 100% of population in fields by the end of the 
sampling periods (Fig. 6). 
Our hypothesis for the second objective was that the greater the gravid-female index, 
measured as a function of the number and duration of the length of time gravid females were 
present, the greater the root injury rating the following season. Although this trend was 
evident, gravid-female degree-days post-biofix only explained 27% of the variability in root 
injury the following season (Fig. 7A). This is comparable to previous studies that have 
shown adult population estimates to only explain between 17 and 26% of the variability in 
root injury the following season (Godfrey and Turpin 1983, Foster et al. 1986, Hein and 
Tollefson 1985, Tollefson 1990). This indicates that accounting for the proportion of 
females that were gravid during the season does not increase the utility of beetle population 
estimates as predictors of root injury the following season. Reasons for the poor relationship 
between beetle populations and subsequent root injury are not completely understood. 
However, mortality from the time population estimates are taken until root injury is measured 
the following season has been proposed as one explanation (Foster et al. 1986). Hein et al. 
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(1988) also suggested that in fields with large com rootworm populations, density-dependent 
factors could be operating in the population that cause some females to leave the field before 
they've completed oviposition. 
The amount of unexplained variability in our gravid female degree-day model was cut 
in half by removing two fields that had high gravid-female indices but low root injury the 
following season (Fig. 7B). There were two rationale for removing the fields. First, the low 
injury, even though the gravid-female indices were high, could be the result of emigration 
because of intraspecific competition. Secondly, by using the remaining fields that had a 
higher ratio of injury to gravid-female index, the conservative scenario of predicted 
economic injury more often than it is realized is modeled. With this model, an average of 
one gravid female per plant for 179 degree-days post-biofix would result in a root injury 
rating of 3.0 the following season (Fig. 7B). Root injury ratings of 3.0 or greater the 
following season usually result in measurable losses in grain yield (Foster et al. 1986). 
Discussion 
When the model predicting total com rootworm emergence, developed in the 
previous paper (Chapter 3), is compared with ovarian development data from this paper, the 
optimum period for scouting adult com rootworms in Iowa continuous cornfields would 
occur between 120 and 400 degree-days post-biofix. At 120 degree-days post-biofix, 10% of 
the females should be gravid. By 400 degree-days post-biofix, populations should have 
peaked because emergence is near completion, and beetle populations on plants should be at 
their maximum. If an average of 12 degree-days were accumulated per day, populations on 
plants would peak approximately 33 days after first beetle emergence. The total time 
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between 120 and 400 degree-days post-biofix would be equivalent to approximately 23 days. 
This represents approximately one third of the total time beetles could be present in the field, 
if 70 days is considered as a maximum. These studies should improve the scouting 
efficiency for adult com rootworms by allowing growers and consultants to focus their 
scouting efforts to a key period, rather than over the entire growing season. 
It is important to consider the maturity status of the com when using this scouting 
window. In most fields of this study, silking was completed 335 degree-days post-biofix, so 
most should not have been attractive to emigrating beetles late in the season. However, a late 
maturing field could act as a sink for emigrating beetles, so it would be important to scout 
fields that silk after 400 degree-days. 
The period between 120 and 400 degree-days post-biofix also only represents the 
optimum time to be scouting for com rootworm beetles. The optimum time to apply an 
insecticide targeted to prevent oviposition will depend on populations in each field, i.e., when 
the economic threshold is reached and when egg-laying begins. If an average of 12 degree-
days were accumulated per day, 10% of the females would be gravid 10 days after first beetle 
emergence. 
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Table 1. Summary of data collected in 38 Iowa continuous cornfields used to monitor corn rootworm female 
ovarian development and root injury the following season. 
Year Locations Counties 
Mean biofix 
± SD in days" 
Locations with root ratings 
following season 
1992 9 Dallas, Franklin, Story July 4 ± 2.2 a 8 
1993 7 Dallas, Franklin, Story July 25 ± 5.6 c 4 
1997 9 Clinton, Linn, Story July 15 ±5.7 b 3 
1998 6 Clinton July 4 ± 2.4 a 4 
1999 7 Clinton July 5 ± 2.5 a 5 
" Mean biofix (date of first beetle emergence) determined with emergence cages. Means followed by same letter not 
significantly different (GLM, PDIFF, P<0.01). 
Table 2. Number of continuous cornfields treated with Slam® (Micro Flo Company, Memphis, TN 38117) for 
adult beetle control during the season, and mean ± SI) dates and degree-days post-biofix treatments were applied in each 
year. 
Year Total fields 
treated 
Fields treated 
twice 
Mean ± SD date 
of first treatment 
Mean ± SD degree-days 
post-biofix" of first 
treatment 
Mean ± SD date 
of second 
treatment 
Mean ± SD 
degree-days post-
biofix of second 
treatment 
1997 4 2 August 8 ± 3.8 273 ± 42.8 August 29 ± 0.0 513 ± 5.9 
1998 3 0 August 10 + 4.5 443 ± 49.9 
1999 4 3 July 24 ±3.7 234 ± 64.3 August 2 ± 5.6 372 ±58.3 
"The biofix was recorded as the first date a beetle emerged in a field. Degree-days calculated with sine-wave method 
using minimum and maximum developmental thresholds of 11.7° and 35° C, respectively. 
Table 3. Mean ± SD number of sampling dales, averaged across locations within each year, northern (NCR) and 
western (WCR) corn rootworm females were collected and dissected to determine ovarian development. 
Year Locations 
Mean no. of 
sample 
dates ± SD 
Mean no. of NCR 
dissected / date ± SD 
Mean no. of WCR 
dissected / date ± SD 
Total NCR 
dissected 
Total WCR 
dissected 
1992 9 7.1 ±0.93 10.8 ±6.31 13.5 ±7.09 691 861 
1993 7 6.0 ±0.58 10.5 ±7.12 12.2 ±7.47 451 523 
1997 9 13.0 ±3.71 10.7 ±7.82 19.0 ±3.32 1,247 2,221 
1998 6 7.5 ±0.84 4.2 ±6.38 17.2 ±5.29 189 774 
1999 7 5.9 ±0.38 3.0 ±3.99 20.0 ± 0.00 123 820 
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Fig. 1. Four stages of corn rootworm ovarian development at 25x. A) Stage 1, B) 
Stage 2, C) Stage 3, and D) Stage 4. 
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Fig. 2. Cumulative rate of corn plant silking (growth stage Rl) in Centigrade degree-
days accumulated from first beetle emergence (biofix). Data from a total of 38 Iowa 
continuous cornfields in 1992, 1993, 1997, 1998, and 1999. Growth stage Rl based on com 
plant phenology scale published by Ritchie et al. (1997). 
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Fig. 3. Mean percentage ± SD of female northern and western corn rootworms that 
were gravid (ovarian stage 3 and 4) at each 100-Centigrade degree-day interval after the first 
beetle emerged in a field (biofix). Means of 9 fields in 1992, 7 fields in 1993, 5 fields in 
1997, 3 fields in 1998, 3 fields in 1999, and all 27 fields combined across all years. Numbers 
above each bar indicate number of observations within each class interval. 
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Fig. 4. Cumulative percentage of gravid northern and western com rootworm 
females in Centigrade degree-days after the first beetle emerged in a field (biofix). Beetles 
were collected from a total of 27 continuous cornfields in Iowa in 1992, 1993, 1997, 1998, 
and 1999. 
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females in Centigrade degree-days after each field was treated with one application of Slam® 
(Micro Flo Company, Memphis, TN 38117). Combined beetle collections from 4 Iowa 
continuous cornfields in 1997. Mean date of Slam application was 8 August (± 3.83 days), 
or 273 degree-days (± 43 degree-days) after first beetle emergence (biofix). 
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Centigrade degree-day interval after first beetle emergence (biofix). Means from 9 
continuous cornfields in 1992, 7 fields in 1993, 3 fields in 1998, and 3 fields in 1999. 
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Fig. 7. Relationship between corn rootworm gravid-female degree-days (Centigrade) 
accumulated from the biofix and root injury the following season in 24 Iowa continuous 
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1992 removed. 
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CHAPTERS. GENERAL CONCLUSIONS 
Com rootworms have shown a remarkable ability to adapt and overcome single 
control tactics. Over reliance on soil insecticides, applied with little or no knowledge of the 
population contained in the field, has resulted in the development of populations resistant to 
insecticides. Long-term use of a crop rotation in some regions of the Com Belt has selected 
for com rootworm populations capable of overcoming it as a management tactic. Some 
northern com rootworm populations contain individuals that exhibit extended diapause, 
allowing them to circumvent crop rotation as a management tactic. More recently, in east-
central Illinois and northwestern Indiana, selection pressure from long-term use of crop 
rotation appears to have selected for a new behavioral strain of western com rootworms that 
oviposit in soybean. The following season, eggs hatch and larvae damage first-year com, 
successfully overcoming crop rotation. Although crop rotation is still a very effective 
management strategy for com rootworms in many regions of the Com Belt, these examples 
show that alternative control tactics need to be incorporated for sustainable management of 
these pests. 
The first objective of the study was to determine if row spacing and plant population 
of field com influenced com rootworm survival, larval injury, and plant tolerance to the 
injury. Reducing row spacing from 76 to 38 cm results in a more equidistant spatial 
arrangement of plants at any given plant density, reducing interplant competition for light, 
nutrients, and water. However, yield increases in narrow rows are only possible if other 
factors limiting yield are eliminated. One factor that could inhibit the ability to achieve 
maximum grain yield in a narrow row system is com rootworms. Results from this study 
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showed that growers who choose to reduce row spacing from 76 cm to 38 cm to maximize 
grain yield should not increase the potential for injury from com rootworms. Although more 
beetles were produced per m2 of soil in the 38-cm rows, the increase in survival did not 
translate into increased root injury. Plant tolerance to com rootworm injury could also be 
increased in a narrow row system because of reduced interplant competition for light, water, 
and nutrients. Results showed no significant differences in tolerance to com rootworm 
injury, measured as root regrowth, between plants grown in 76- and 38-cm rows. However, 
there was evidence to suggest that when soil moisture was limiting, plants in 38-cm rows had 
a greater ability to produce regrowth compared to plants in 76-cm rows. More research is 
needed in environments where precipitation is limiting to confirm if this trend is significant. 
Although lodging due to com rootworm injury was significantly reduced in the 38-cm rows, 
no grain yield advantage was detected for plants in 38-cm rows. 
The second objective was to develop and validate models that accurately predicted 
adult com rootworm emergence in Iowa. The models predicted adult emergence from the 
first day a beetle was captured in a field, which was designated as the biofix. The models 
developed with the Weibull function effectively explained adult com rootworm emergence in 
Iowa. Northern com rootworm emergence was more variable compared to western com 
rootworm emergence. However, northern com rootworm populations were much lower 
compared to western com rootworms in the fields that were monitored. Degree-days post-
biofix explained 85% of the variability in total com rootworm emergence over five years. 
The model for total beetle emergence explained 89% of the variability in emergence 
observed in the validation year of 1999. The peak for total beetle emergence occurred 211 
degree-days post-biofix, which is equivalent to 18 days (± 9 days) post-biofix if an average 
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of 12 Centigrade degree-days are accumulated per day. The Pherocon® CRW Trap (Treed, 
Inc. Salinas, CA 93907) was highly efficient at detecting the biofix, capturing the first beetle 
an average of two days earlier than 13 emergence cages. Incorporation of the biofix should 
be an improvement over previous models based on air temperature degree-day accumulations 
because prediction begins at first beetle emergence, a biologically significant point in the 
insect's life cycle. This eliminates much of the variability from the models that determines 
when emergence begins. 
The third objective was to use the rate of corn rootworm beetle emergence, 
population estimates taken on plants, and the rate of female ovarian development to 
determine the optimum time for scouting adult corn rootworms. The proportion of gravid 
females present in the field during the season was also used to determine if the relationship 
between beetle population estimates and root injury the following season could be improved. 
Field populations were sampled weekly from a total of 38 continuous cornfields in Iowa over 
five years. On each sampling date, beetle populations were estimated in the field, and 
females were dissected to determine gravidity. Root ratings were obtained from the fields 
the following season. The first gravid females were detected 64 degree-days (Centigrade) 
post-biofix, and populations on plants peaked in all fields by 400 degree-days post-biofix. 
Based on beetle emergence, population estimates taken on plants, and the rate of female 
ovarian development, the period from 120 to 400 degree-days post-biofix was the optimum 
time for scouting adult com rootworms in Iowa. The proportion of females that were gravid 
only explained 27% of the variability in root injury the following season. This indicated that 
accounting for the proportion of females that were gravid during the season did not improve 
the utility of beetle population estimates as predictors of root injury the following season. 
For efficient management of adult corn rootworms, growers would place sentinel 
Pherocon® CRW Traps (Trecé, Inc. Salinas, CA 93907) in their fields in late June to 
determine the biofix. Once the biofix is determined, scouting should begin 120 degree-days 
later when 10% of the females are gravid. The field could then be treated if it contained 
beetle populations that were above the economic threshold. Scouting should continue in the 
fields until 400 degree-days post-biofix. By 400 degree-days post-biofix, populations should 
have peaked because emergence is 89% complete, and beetle populations on plants should be 
at their maximum. Scouting after 400 degree-days should be considered in fields that are late 
maturing. These models do not eliminate scouting, but they should improve the scouting 
efficiency by allowing growers to focus scouting to a key period, rather than over the entire 
growing season. 
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